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ABSTRACT 
Cobalt-catalyzed air oxidation of toluene using a 
continuous—flow tower reactor was adopted by industrial plants 
for the production of benzaldehyde, benzyl alcohol and benzoic 
acid (main products)• Since 七 h e oxidation process is greatly 
dependent on temperature, flow rate (and hence oxygen 
content), type of catalyst used and its concentration, their 
effects were investigated as a means of improving the yields 
of the products. A batch open reactor system was adopted in 
this study to closely model the operation of a toluene 
oxidation plant. Silver was chosen as an alternative catalyst 
for the oxidation process because it has a higher redox 
potential than cobalt. 
In this work, no obvious improvement was made in the 
yields of both benzaldehyde and benzyl alcohol under either 
single metal catalyzed (cobalt or silver) or cobal七一silver co-
catalyzed systems. However, both the yield of benzoic acid 
and toluene attack increased greatly at higher temperature of 
200。C and higher air flow rate of 4.96 SLPM (standard litre per 
minute)• The yields of benzaldehyde and benzyl alcohol can be 
increased by reducing the retention time of the reactor 
mixture in the reactor, provided that the required toluene 
attack can reached a minimum conversion level of 20% to 
maintain economic viability, for the operation of the reactor. 
t • e 
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In the evaluation of the performance of silver as a 
catalyst for the oxidation process, it was verified that Ag 
greatly reduced the production of benzoic acid while the 
yields of benzaldehyde and benzyl alcohol were more or less 
unaffected. Therefore, by varying the ratio of silver to 
cobalt, the yield of benzoic acid can be controlled; by 
choosing an optimum reactor retention time, flow rate and 
ratio of silver to cobalt at the higher temperature of 200°C, 
the process can be improved to give optimum overall yield in 
all three products to satisfy the market needs. 
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CHAPTER ONE 
BACKGROUND SURVEY OF THE CHEMISTRY OF 
THE OXIDATION OF ORGANIC COMPOUNDS 
‘-S. • 
1.0 Introduction 
Many oxidations known as autoxidations proceed under 
relatively mild conditions of temperature and oxygen pressure; 
whilst some of them require extremely severe conditions. They 
are often subject to autocatalysis b y p r o d u c t s " . Subsequent 
studies of the interaction of selected hydrocarbons (both 
aliphatic and aromatic) with molecular oxygen provide the 
basis for the development of the foundation of the free 
radical chain theory of a u t o x i d a t i o n ^ _ The general free 
radical chain mechanism is described in Scheme I. 
Scheme 工： 
Initiation: In? > 2 In- (1.0.1) 
In. + RH > inH + R . (1.0.2) 
Propagation: R. + o〗 > RO?。 （ 1 . 0 . 3 ) 
RCV + RH ——> RO^H + R, (1.0.4) 
Termination: R. + RO2. > ro^R (1.0.5) 
2 R O 2 . — — > RO4R > 
nonradical products + O〗 （ 1 . 0 . 6 ) 
1 
Alkylperoxy radicals play vital roles in both the propagation 
and the termination processes. Initiation by the direct 
reaction of most hydrocarbons with molecular oxygen, n a m e l y , 
RH + O2 > R- + H〇2. (1.0.7) 
is thermodynamically and kinetically unfavourable, although it 
has been observed in a few cases]" “ For example, 
spontaneous initiation was observed in the autoxidation of 
styrene and indene at 50°C. Thus, chain initiation in the 
absence of added initiators is usually attributed to radicals 
formed by the decomposition of peroxidic impurities ... 
accidentally present in the substrate. Thermal decomposition 
of alkyl hydroperoxides, namely, 
ROOH > RO。 +.0H (1.0.8) 
represents a major source of free radicals in autoxidation 
reactions. 
The autoxidation of aldehydes is analogous to that of 
hydrocarbons. Acylperoxy radicals are involved as principal 
chain carriers, and peracids are the primary products. 
RCHO > R6O + H (1.0.9) 
RCO + O2 - 一 一 — - > RCCV (1.0.10) 
R C C V + RCHO > RCO3H + RCO (1.0.11) 
2 
The initially formed organic peracid is stable at low 
temperature but is subject to a facile Baeyer-Villiger 
oxidation of the aldehydei」、 
RCO3H •+ RCHO > 2 RCOOH (1.0.12) 
A competing side reaction in the autoxidation of aldehyde is 
provided by the decarbonylation of the intermediate acyl 
radicals: 
RCO 一 一 R . + CO (1.0.13) 
Decarbonylation is favoured at high temperatures and low 
oxygen concentrations. 
The autoxidation of primary and secondary alcohols 
produces carbonyl compounds and hydrogen peroxide as the 
primary products via the following reaction sequence^•''2. 
RCH2OH > RCHOH + H (1.0.14) 
RCHOH + O2 ——---> R C H — H _ (1.0.15) 
RCHO2OH + RCH^OH > RCH(02H)0H + RCHOH (1.0.16) 
RCH(02H)0H > RCHO + H2O2 (1.0.17) 
However, alcohols are generally not autoxidized as readily as 
aldehydes, mainly owing to the high rate of termination of the 
hydroxyperoxy radicals^-''^. 
3 
1.1 Catalytic Oxidation of Organic Compounds 
1.1.1 Metal-catalyzed Air Oxidation of Organic Compounds 
Besides catalyst—free autoxidations, metal-catalyzed 
oxidations have been commonly studied, especially under mild 
conditions. Metal-catalyzed oxidations may be divided into 
two types, homolytic and heterolytic. The first type of 
catalysis usually involves soluble transition metal salts 
(homogeneous), such as the acetates or naphthenates of Co, M n , 
Ag, Fe, Cu, etc., or the metal oxides (heterogeneous). 
Homolytic catalysis necessitates the recycling of the metal 
species between two oxidation states by one electron changes, 
such as Co(工工）/Co(III), Mn(II)/Mn(工工I), Ag(I)/Ag(工工）， 
Fe(工工)/Fe(工工工），Cu(I)/Cu(II) couples, etc. In heterolytic 
catalysis, the metal complex acts as a Lewis acid and it 
undergoes two-electron redox changes. Thus, homolytic 
catalysis is a one-electron process in which the intermediates 
are free radicals while heterolytic catalysis is a two-
electron process. For example, the commercial conversion of 
p-xylene to terephthalic acid in the presence of cobalt, 
manganese, iron, and copper complexes are homolytic processes 
whereas the industrial epoxidation of olefins with alkyl 
hydroperoxides in the presence of molybdenum, vanadium, 
tungsten and titanium catalysts are heterolytic processes^-^^ 
4 
In homogeneous and heterogeneous catalysis in the liquid-
and vapour-phase processes, the fundamental chemical steps are 
similar whether the oxidation occurs in the coordination 
sphere of a soluble metal complex or on the adsorbed metal-
containing surface. However, heterogeneous catalysts are 
generally employed under quite different conditions (i.e., at 
higher temperatures in gas phase processes) compared to their 
homogeneous counterparts. Homogeneous, liquid-phase processes 
generally allow for a better control of oxidation conditions 
and hydrocarbon conversions. These advantages would be 
outweighed against those derived from heterogeneous catalysis, 
七 h e most important being the ease of product separa七ion_from 
the catalyst, and continuous processing. 
The metal-catalyzed hoinolytic decomposition of alkyl 
hydroperoxidic intermediates is the most cominon pathway for 
the catalysis of liquid-phase autoxidations. The rapid 
decompositibn of alkyl hydroperoxides in hydrocarbon solutions 
in the presence of trace amounts of iron, manganese, cobalt, 
and copper compounds is d o c u m e n t e d ^ • The two principal 
reactions with metal complexes are: 
Oxidation 
RO2H + W T > RO2。+ M(n-”+ + H+ (1.1.1) 
Reduction 
RO2H + M(n-”+ > Ro. + w T + HO- (1.1.2) 
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In inert solvents, the hydroperoxide radical decomposes 
according to chain reactions 1.1.3 and 1.1.4. Under these 
circumstances, the metal ion acts as an initiator rather than 
2 RO2. > 2 RO- + O2 (1.1.3) 
RO. + RO2H > RO2. + ROH (1.1.4) 
as a catalyst. In general, metal complexes catalyze 
autoxidations by generating chain—initiating radicals via 
reaction 1.1.1 or 1.1.2, the relative rates of which are 
roughly correlated with the redox potential of the 14门+/14(门-1)+ 
couple shown in Table 1.1. These values pertain to only 
aqueous solutions, since redox potentials of metal complexes 
in organic solvents are not generally known, 
Since alkyl hydroperoxides are fairly strong oxidants b u t 
weak reducing agents, reaction 1.1.2 is generally faster than 
reaction 1.1.1. When the metal ion is a strong reducing 
agent, reaction 1.1.2 predominates. When the metal has two 
oxidation states of comparable stability, reactions l.l.l and 
1.1.2 can occur concurrently. Thus, Co and Mn compounds are 
the most effective catalysts for the autoxidations since they 
are able to induce efficient catalytic (as opposed to 
stoichiometric) decomposition of alkyl hydroperoxides, e . g . , 
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Table 1.1 
Redox Potentials of Some Metal Ions in Aqueous Solution^-^^ 
M". + m e_ > M(n-m)+ E°(V) 
Cu(工工）+ e' -> Cu(I) +0.15 
Fe(工工I) + e" > Fe(工工） +0.77 
Rh(工工I) + e" > Rh(工工） +1.20 
T1(工工I) + 2 e- > T1(I) +1.25 
Au(工工I) + 2 e_ > Au(I) +1.40 
Mn(工工I) + e" > Mn(工工） +1.51 
Bk:(IV) + e" > Bk(工工I) +1.60 
Ce(IV) + e_ > Ce(III) +1.61 
Pb(IV) + 2 e_ > Pb(工工） +1.67 
Co(III) + e_ - • — — > Co(工工） +1.82 
Ag(工工）+ e- > Ag(I) +1.96 
Ain(IV) + e" > Am(III) +2.18 
Pr(工V) + e_ > Pr(III) +2.86 
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RO2H + > R0' + M^^OH" (1.1.5) 
RO2H + M3+ > RO2. + + H+ (1.1.6) 
Cobalt complexes are generally effective catalysts and 
have received the most a t t e n t i o n ^ . The relative rates of 
reactions 1.1.5 and 1.1.6 are greatly dependent on the 
solventi-22. It had been reported that the coiumenceinent of the 
cobalt-catalyzed autoxidations of hydrocarbons is accompanied 
by the oxidation of Co(工工）to Co(III)i-i4. 
Metal ions can catalyze the decomposition of peracids via 
redox reactions analogous to those observed with alkyl 
h y d r o p e r o x i d e s ^ . The reductive cleavage can proceed by 
either reaction 1.1.7 or 1.1.8. 
/ > RC〇2Mn+ + H〇_ (1.1.7a) 
/ 
RCO2OH + M(n-1)+ C 
\ 
\ > RCO2. + Mn+OH_ (1.1.7b) 
RCO2OH + M ^ ——> M(n-”+ + RCO3. + H+ (1.1.8) 
Reactions 1.1.7a and 1.1.7b are probably competing pathways in 
the consumption of the metal ion in its reduced form. Their 
relative contributions are solvent dependent. Oxidation of 
Co(工工）or Mn(工工）complexes by peracids is facilei.i4, but 
reduction of Co(III) or Mn(工工I) by reaction 1.1.8 proceeds 
inuch more slowly. During the metal-catalyzed autoxidations of 
aldehydes, the reduced form of the catalyst is preferentially 
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formed by direct oxidation of the aldehyde. 
+ RCHO > + RCO + H+ (1.1.9) 
Chain initiation during metal-catalyzed autoxidations of 
hydrocarbons generates alkoxy and alkyl peroxy radicals from 
the reaction of alkyl hydroperoxides with the metal catalyst. 
Since alkyl peroxy radicals are strong oxidants, they can 
oxidize the reduced form of the metal c a t a l y s t ^ e . g . , 
R C y + 〒 二 = 二 = 》 R ( Y M 了 + ( 1 . 1 . 1 0 ) 
Transition metal complexes, especially in media of low 
polarity such as neat hydrocarbons, often behave as catalysts 
at low concentrations but inhibitors at high concentrations. 
This phenomenon, referred to as catalyst—inhibitor conversion, 
manifests itself in long induction periods often observed in 
metal-catalyzed autoxidations in nonpolar media^-^^' The 
induction period is effectively eliminated when the alkyl 
hydroperoxide concentration is greater than that of the 
metali.26. A t high Co(.ir) concentrations, Co(工工）competes 
effectively with the substrate RH for the alkyl peroxy 
radicals and obviates chain propagation by 
RO2. + RH > RO^H + R. (1.1.11) 
Under these conditions, termination proceeds exclusively via 
9 
reaction 1.1.10, rather than by the self—reaction of alkyl 
peroxy radicals. In practice, an abrupt transition from 
catalysis to inhibition is generally observed for hydrocarbon 
autoxidations catalyzed by Co, M n , Fe, Cu, etc.]為 such 
puzzling kinetic phenomena associated with metal-catalyzed 
autoxidations have been recently analyzed on the basis of 
metal—hydroperoxide c o m p l e x e s ^ U s i n g cobalt as an 
example, initiation is assumed to involve the following steps: 
Co(工工）+ RO2H [Co(II)R02H] (1.1.12) 
Co(工工）+ RO2H > RO. + Co(III)OH (1.1.13) 
Co(III) + RO^H 〒 二 [ C o ( 工 工 I ) R 0 2 H ] (1.1.14) 
Co(工工I) + RO2H > R〇2. + Co(工工）+ H+ (1.1.15) 
In media of low polarity, the cobalt is tied up as the complex 
with the alkyl hydroperoxide in excess. As the concentration 
of cobalt is increased at which [Co] > [RO2H] and the 
equilibrium concentration of the uncompleted cobalt ion 
increases suddenly to the point, the oxidation can no longer 
proceed. In polar protic solvent such as acetic acid, the 
catalyst is mainly associated with the solvent molecules 
present in much higher concentrations than RO^H, e.g., 
[Co(工工）R02H] + HOAc ——> [Co(II)HOAc] + RO^H (1.1.16) 
Consequently, the phenomena of abrupt catalyst-inhibitor 
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conversion and long induction periods are generally restricted 
to media of low polarity. 
1.1.2 Metal-catalyzed Air Oxidation of Allcyl-Aromatic 
Compounds 
Autoxidations of alkyl-substituted benzenes involve 
predominantly attack at the reactive benzylic C一H bonds^-''^. 
The primary products are benzylic hydroperoxides, formed via a 
classical free radical mechanism involving the chain 
propagation sequence (eqs. 1.1.17 and 1.1.18), 
/ I 
Arc' + O2 > ArCO^' (1.1.17) 
丨\ 丨 I 丨 / 
ArCO^- + ArCH > ArCO^H + ArC. (1.1.18) 
J I I \ ‘ 
as well as the chain termination step (eq. 1.1.19). 
2 ArCO?. > nonradical products (1.1.19) 
Chain termination also results from the reaction of the alkyl 
peroxy radicals with the reduced form of the catalyst as 
described before. With primary alkylbenzenes such as toluene, 
the rate of termination is so high that it is not possible to 
achieve a high selectivity to hydroperoxide at reasonable 
rates of reactioni」、 Thus, substantial amounts of aldehydes 
and alcohols are formed as primary products by the chain 
termination of the benzylperoxy radicals. 
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2 ArCH^Cy > ArCHO + ArCEyDH + O^ (1.1.20) 
The aldehydes and alcohols in turn undergo autoxidation 
to produce the corresponding carboxylic acids. The addition 
of transition metal catalysts is, however, required to provide 
a useful rate of autoxidation of these substrates to 
carboxylic acids. 
1.1.3 Cobalt-catalyzed Air Oxidation of Toluene 
In the cobalt-catalyzed autoxidations of toluene to 
benzoic acid using cobalt as catalyst, the oxidation involves 
the direct reaction of the toluene substrate with the 
cobalt(工工）/(工工工）couple to produce the corresponding aldehyde, 
alcohol and acid. The oxidation pathways are discussed in 
Chapter Three entitled "Results and Discussions". 
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1.2 Industrial Metal-catalyzed Air Oxidation of Toluene 
Catalytic reforming of naphtha, which consists of a 
mixture of benzene, toluene, ethylbenzene and xylene, together 
with C9 and CIO aromatic hydrocarbons constitute the most 
essential raw material as well as the basic building block for 
the petrochemical industry^气 Air oxidation is one of the 
widely employed methods for the conversion of aromatic 
hydrocarbons to such commercially valuable chemicals such as 
benzaldehyde, benzyl alcohol, benzoic acid, phenol and 
terephthalic acid】气 Although advanced technology had made 
available increasing numbers and larger quantities of pure 
derivatives of this type at lower cost, however, toluene 
remains the cheapest and the most abundant primary source of 
the aromatic ringi.3i' 1-32. 
Besides having a uniform and reliable composition, oxygen 
in air is the desirable oxidizing agent to use industrially 
because of its ready and convenient availability. It is free 
from a cost standpoint and its utilization will continue to be 
maximized in the f u t u r e ^ . 
As early as 1969, the Dow Chemical Co. identified benzyl 
alcohol and benzaldehyde that are formed as intermediates 
during the oxidation of toluene to benzoic acid, based on its 
toluene to phenol technology, to have serious market 
potential. In response to this interest a number of studies 
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were initiated and are summarized below'' 
(a) It was found that increases in the air flow rate did not 
significantly increase the yield of benzaldehyde or 
benzyl alcohol and that there were negligible effects of 
gas and liquid-phase diffusion in the reaction. However, 
it was also established that increasing the partial 
pressure of oxygen and/or eliminating liquid-phase 
diffusion did increase reaction rates but the increase in 
rate was not great enough to offset a significant 
increase in reactor cost. Thus, the proocess was 
uneconomic. Increasing the benzoic acid content markedly 
reduced the yields of benzaldehyde and benzyl alcohol. 
(b) High yields of benzyl alcohol were obtained without 
catalyst in a liquid phase toluene oxidation process at 
temperatures > 230。C and pressures larger than 200 psig. 
Although product composition was attractive, process 
based on these conditions required capital investment on 
a new high pressure-high temperature oxidation plant. 
Therefore, high temperature and high pressure air 
oxidation cannot serve as a possible alternative in 
increasing product flexibility at Dow's toluene oxidation 
plants. 
(c) Another miniplant study of the cobalt-catalyzed air 
oxidation of toluene revealed that the yield of both 
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benzaldehyde and benzyl alcohol were significantly 
increased, without radically changing the existing 
commercial reactor condition. However, the production of 
the acid was lower. At a toluene attack level of about 
5% in a batch system the product mix was approximately 
1/3 each of benzyl alcohol, benzaldehyde and benzoic 
acid. The system was operated on a continuous basis at 
both 10% and 20% (by wt.) benzoic acid levels, with the 
benzaldehyde yield from 6.5% to 13% and benzyl alcohol 
from 3% to less than 1%. The major fallout of this 
process alternative was the loss in production of the 
benzoic acid (20% level benzoic acid) making it 
economically not viable. 
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1.3 Scope of this Thesis 
The continuing success of the Asia Pacific Economy has 
created a larger-than-ever market demand for benzaldehyde, 
benzyl alcohol and benzoic acid. Small producers operating 
under the Dow cobalt toluene oxidation process continue to 
find means and ways of improving their output, preferably, 
without involving major capital investments for plant 
modification. 
Since the oxidation process is greatly dependent on 
experimental conditions such as temperature (and hence 
pressure), type of catalyst used and its concentration, flow 
rate and oxygen content, their effects will be investigated. 
There are, however, a number of limitations to be considered 
in pursuing a flexible technology based on the toluene 
oxidation process: 
(a) All the toluene oxidation plants uses Dowtherm as their 
primary energy source which has a maximum ceiling of 
2 3 0。C. Thus, the experimental temperature cannot be above 
2 3 00c,. otherwise, any increase in product yield cannot be 
compensated by the energy cost. 
(b) Increasing temperature involves increases in pressure. 
Since most plants built in the sixties were designed 
based on a low pressure process, pressure increase cannot 
16 
be very large. A minimum pressure differential of 5-10 
psig is required for in coming and out going gas streams. 
(c) The effect of air flow rate (and hence oxygen content) on 
the reaction will be reinvestigated under optimuin 
experimental conditions. 
(d) Catalyst concentration optimization will be carried out 
to ensure that the catalyst is w o r k i n g in the catalytic 
range rather than in an inhibitor range. 
(e) Since silver ( 工 工 ） i s a stronger oxidizing agent than 
cobalt ( 工 工 I ) , it is part of the objective of this 
research to determine if an alternative catalyst could be 
more v i a b l e . However, the concentration of silver should 
be optimized because it is more expensive than cobalt; 
otherwise the catalyst cost cannot be compensated. 
(f) Besides investigating the process under a single catalyst 
system (cobalt or silver alone), a co-catalyst (cobalt-
silver) system will also be considered to determine the 
optimuin relative concentration of cobalt to silver. 
(g) Only neat toluene oxidation will b e pursued since acetic 
acid as solvent will increase the yield of benzyl acetate 
as side product but decrease the yield of benzyl alcohol 
during oxidation of toluene. "Neat" toluene oxidation 
17 
will eliminate additional chemical and processing cost. 
Furthermore, large amounts of acetic acid at temperatures 
above 200°C decrease plant life considerably because of 
severe corrosion. A minimum amount of acetic acid will 
be used in order to dissolve the catalyst (in metal-
acetate form) to provide a homogenous liquid phase 
system. 
(h) The reactor discharge (products) was vacuum distilled 
periodically to provide analytical data for the products 
of interest. 
A batch open system as shown in Figure 1.1 was adopted to 
closely model the operation of a toluene oxidation plant. 
Thus, air was passed continuously through the reactor. Unlike 
mini-plants, continuous operation of a flow system was not 
possible with our experimental setup. Also, the catalyst 
could not be added into the reactor during recycling of 
toluene throughout the process. Therefore, only batch open-
system data are provided in this thesis to best characterize 
the optimum reactor conditions under which the oxidation 











































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































2.1 Reactor System Description 
In the study of the metal-catalyzed air oxidation of 
i 
I 
I toluene, a Parr pressure reactor (Model-4541) was employed as 
the main reactor. Since acetic acid (1%) is used to dissolve 
catalyst in the reaction, the system will become slightly 
acidic at pH 5 - 6 . Type 316 stainless steel was chosen as the 
choice of material for construction because it is an excellent 
material for use with most organic systems and can handle 
acetic acid routinely up to fairly high temperatures (200°C) • 
The pressure reactor consists of the following standard 
components: 
a) a IL bomb assembly as reactor, placed inside a 
cavity which is lined with the sheathed heating 
elements heating purposes. 
b) a packing glanddrive. 
c) an 工 n c o n e l rupture disc rated at 2000 psig installed 
in the reactor to protect the equipment and the 
operator from unexpected overpressure. 
d) an overarm stirrer drive system consisting of a 
drive pulley on the motor connected by a belt to a 
driven pulley on the stirrer drive shaft. The 
20 
stirring rate can be adjusted through a home—built 
motor speed control unit. 
e) a gas-inlet valve. 
f) a gas-outlet valve. 
g) a thermowell for the placement of the thermocouple, 
and the following optional items: 
h) a serpentine cooling coil which allows a small but 
effective cooling surface inside the reactor. The 
cooling coil is used to provide rapid cooling of the 
reaction mixture. 
i) a bottom drain valve for the purpose of draining and 
sampling during the reaction. 
j) a reagent/catalyst inlet valve for reagent input and 
direct catalyst injection at will. 
k) a recycling inlet design for open system operation 
in which the bulk volatile organic reactantis 
recycled into the reactor. 
1) vapour discharge circuit. 
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2.1.1 Liquid Sampling Unit 
A sampling unit (a 1/8" Bellow valve connected to a 
T316SS 1/8" pipe) is connected at the bottom of the autoclave 
in order to collect the liquid sample for analysis. The 
sampling unit is placed inside an in house custom-fabricated 
heating unit (made of aluminium metal) in which two cavities 
were drilled, one for placing a heater, another for placing a 
thermocouple (type-J) which is connected to a temperature 
controller of E.G.O. model (temperature range 2 0-2 00°C) . The 
sampling unit was heated to an appropriate temperature to 
prevent solid formation inside the valve and the discharge 
pipe. This could lead to severe plugging. The liquid 
sampling unit is shown in Figure 2.2. 
2.1.2 Reagent/Catalyst Inlet 
As shown in Figure 2.3, both the catalyst and the reagent 
can be added to the reactor through a 1/2" Bellow inlet v a l v e . 
The reagent was added by gravity drain, while the catalyst was 
injected under pressure into the reactor. The inlet valve was 
connected to another 1/8" needle valve which allowed an 
alternative pathway for air/nitrogen to pass through. The 
cap-B was closed off during reaction. 
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Reactor 
Bellow Valve ~ 
• • -i-y ‘ . 
Temperature • _ 
I ' • 'a -
Controller 
0| M Heating Rod 
Thermocouple Probe 
./ifiCTl 
• ‘ • _ •• 一 m^ • i 
Heating Unit 
(ma(3e of aluminum metal) — - j — iJj ^  > 
_ _ / 
_ K 
Discharge Pipe (1/8") 
Fig. 2.2 Liquid Sjimpl士ng Unit Diagram 
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Reactor ！| Dip Pipe 
h 
Fig. 2.3 Gas and Reagent/Catalyst Inlet Diagram 
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2.1.3 Recycling Unit 
A recycling unit was constructed using T316SS parts (see 
Figure 2.4). It consisted of a liquid cylinder (300 ml) 
connected to the bottom joint of tee-A and was designed to 
allow recycling of the condensing vapour for recycling. It 
also acted as a temporary liquid-surge tank once a back-up 
pressure was established. The outlet of the cylinder was 
connected to tee-C where the lower joint was connected to a 
drainage unit. It consisted of a 1/4" needle valve with a 
dead-volume of about 10 ml to drain out the aqueous solution 
during recycling. The side joint of the tee was connected to 
another tee-D where the upper joint was closed off by cap-A. 
The cap was opened during addition of reagent at the 
catalyst/reagent inlet but closed during reaction. The lower 
joint of tee-D was connected to a 1/2" T316SS pipe to recycle 
the condensing vapour back to the reactor for reaction. 
An additional dip pipe (12.5 cm long) was welded to the 
recycle outlet inside the reactor leaving 1 cm clearance from 
the bottom of the reactor. The purpose of this was to ensure 
the pipe was always submerged and that the recycled organics 
entered the reactor at the bottom hence preventing the air 
from leaving the reactor through it rather than the gas 
outlet. The size of the pipe is 1/2" to ensure that the flow 
rate (gravity drain) of the recycling liquid is as fast 
as that of the air leaving the gas outlet; otherwise pressure 
26 
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Reactor - ^. _. 
1/2" Dip Pipe 
Fig. 2.4 Flow Diagram of the Recycling Unit 
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back-up occurred. 
2.1.4 Vapour Disposal 
There are two discharge streams in the system; namely, 
the gas discharge and the reactor vapour discharge. 
(a) The reactor gas discharge was vented through a 
scrubber which was filled with activated carbon to 
absorb any volatile organic substances carried by 
exit air prior to entering the fume hood (Fig. 2.5). 
(b) The sampling collection chamber, as shown in Figure 
2.6, was connected to the fume hood through a 
vapour-disposal tube of 6" diameter (made of 
aluminum foil)• An extra fan was installed in-
between the disposal tube to vent the hot vapour to 
the fume hood safely. 
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Mass Flow Meter "‘ 一 i 
r 'I 丨 L I 
Fig. 2.5 Gas Discharge Unit Diagram 
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2.2 Practical Operation Considerations 
Standard operating procedure for the autoclave is available in 
the Parr Operating Instructions Manual?-、 However, the 
following points are to be noted: 
(a) The bomb must not be filled to more than 3/4 of its 
available free space, and in some cases the charge must 
be reduced even further to ensure safe operations because 
dangerous and unexpected destructive pressures can 
develop suddenly when a liquid is heated in a closed 
vessel if the available free space is not sufficient.to 
accommodate the expanding liquid. 
(b) The maximum working pressure and temperature for this 
reactor is 1900 psig and 350。C. The rupture disc would 
burst if the working pressure exceeds the maximum (safe) 
limit. A pressure knock down station in the form of a 
large surge tank, as shown in Figure 2.7, half filled 
with water for the trapping of water soluble discharge, 
was constructed and connected to the outlet of the 
rupture disk holder. The outgoing gas from this station 
is sent directly to the fume hood. As a basic rule, the 
operating pressure should never exceed 70% of the range 
covered by the disc and the gauge. 
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Fig. 2.7 Pressure Knock Down Station Diagram 
31 
(c) When a pressure leak is detected through the packing 
glands, application of additional force on the nut will 
not stop the leak. If leakage is indicated through the 
leakage nipple, it is probably due to worn or damaged 
packing cones or spacer rings, or to a worn drive shaft. 
The problem can be resolved by removing the gland which 
is usually the part requiring replacement. The gland 
assembly water cooling unit must be on during all 
operations of the reactor above 100°C. The cooling unit 
is designed to maintain operation of the unit at a safe 
temperature level up to 350°C. 
32 
2.3 Process (Experimental) Parameter Control 
2.3.1 Gas Inlet and Input Pressure Control 
Nitrogen and/or air was taken from gas cylinders (via a 
1/8" needle valve) through a mass flow controller (OMEGA FMA-
7110 SERIES) to the gas inlet via a 1/8" needle valve which 
was connected to a 1/8" dip tube inside the autoclave. 1/4" 
T316SS pipe was used to pass the gas to the reactor. The gas 
was dried by molecular sieves placed insider a drying cylinder 
prior to entering the mass flow controller. The gas inlet 
system is also shown in Figure 2.3. 
The mass flow controller (range 0-20 SLPM) consists of 
three basic units: a flow sensor, a control valve and an 
integral electronic control system. This combination produces 
a stable gas flow, selectable overshoot protection and 
eliminates the need for continuous monitoring and readjustment 
of gas pressure. The operating temperature limit is from 4.4 
to 65°C; and the maximum working pressure is 150 0 psi. The 
accuracy is +/— 1.0% full scale at 10-40 psi and +/— 2.0% full 
scale at 5-150 psi^-^. The mass flow controller was connected 
to a Model FMA-5876 Power Supply and Readout which is designed 
to power the mass flow sensor and to indicate flow rate. The 
flow rate display is calibrated in % of the full scale 
flowrate (000.0 to 100.0)^-^. 
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2.3.2 Gas Outlet and System Pressure Control 
The gas outlet was connected to a tee A (made of T316SS) 
through a 1/4" T316SS pipe (see Figure 2.4). The lower joint 
of the tee was connected to a T316SS liquid cylinder for 
recycling; and the upper joint was connected to a T316SS 
water-cooled condenser to condense the vapour carried over by 
the air to limit the reagent loss. The condenser was then 
connected to another tee B in which the lower joint was 
connected to a fine metering valve with a vernier dial in 
order to control the system pressure. The valve was connected 
to a T316SS liquid-trap (with a 1/4" WHITEY 2-way ball valve) 
to trap any escaped condensing vapour. The side joint was 
connected to a sealed stainless steel pressure tranducer 
(Cole-Parmer 7351-06 model, range 0-1000 psi) to measure the 
system pressure and the reading was displayed on a digital 
pressure meter (Cole-Parmer 7350-41 model)• The accuracy of 
the tranducer is +/— 1%； and that of the meter +/— 0.1% of 
reading2-4. Furthermore, a low-cost stainless steel pressure 
gauge (Birch model, range of 0-300 psi) was connected 
laterally for comparison. There were two outlets in the 
liquid-trap. The lower outlet was designed to discharge the 
condensing vapour; the upper one was used to allow the air 
(may carry a small part of reagent and some products) to pass 
away. In order to measure the outflow, a mass flowmeter with 
digital readout (Cole-Parmer 3276-00 model, range 0-15 SLPM) 
was connected to the upper outlet. The accuracy is +/- 2% of 
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full scale reading2.5. 
2.3.3 System Temperature Control 
A type-J thermocouple (range 0-600°C) was employed. The 
thermocouple was connected to a temperature controller with 
digital display (Cole-Parmer 2168-71 model) via type-J gauge 
thermocouple wire. The controller continuously reduces or 
increases the heating input to maintain a process temperature 
at a precise setpoint operated by proportional band control 
principles as well as a manual offset control which fine-tunes 
the system for load changes and other variables. The 
temperature controller operates with type-J thermocouple 
sensor, mounted at the heat source and it continuously detects 
temperature changes. It converts this information into 
corresponding voltage signals which are fed to the controller 
where comparisons are made with the pre-selected setpoint. 
The controller then "tailors" a correction signal based on the 
difference and feeds it to the controlled device, the heater, 
to regulate its power output to the reactor^-^. 
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2 . 4 Data Acquisition 
The temperature, pressure, inflow and outflow data of the 
experiment were collected and processed throughout the 
reaction process with the following accessories: a) 
thermocouple amplifier (Cole-Parmer model 8109—00), b) mV 
amplifier/multiplexer (Cole-Parmer model 8109—35), c) 
analog/digital card (Cole-Parmer model 8109—25), and d) data 
logging software (Cole-Parmer model 8109-32). 
The thermocouple amplifier which is provided with cold-
junction compensation can read up to six thermocouples. The 
itiV amplifier/multiplexer can accept seven inputs in the 0-100 
mV range to allow the computer to interface with pressure 
gauges, flowmeters, mass flow controllers 一 any equipment that 
transmits a millivolt output. The analog/digital conversion 
card enables an IBM PC computer to continuously translate 
variable analog voltage inputs into their corresponding 
digital outputs. As it is used with the thermocouple 
amplifier and/or the mV amplifier/multiplexer, it can read the 
inputs directly. The data logging software allows real time 
data storage, calculates, and prints charts or graphs (the 
data files are Lotus 1-2-3 compatible)• A typical plot of the 
data is shown in Figure 2.8. 
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Fig. 2.8 A Typical Experimental Temperature, Pressure, Inflow 
and Outflow Profiles 
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2.5 Experimental Procedures 
2.5.1 Initial Operation Testing 
An initial test was carried out with only water in the 
bomb to check for leaks and the performance of the apparatus 
before starting the first experimental run^'^. For this 
initial test, the bomb was half filled with water and the 
temperature was run up to 150°C while the apparatus was checked 
for pressure leaks. The performance of the temperature 
controller was also evaluated. 
2.5.2 General Procedures 
The reagent, followed by catalysts, was added into the 
bomb through the reagent/catalyst inlet valve. To ensure that 
all the catalysts were transferred into the bomb, a small 
amount of water (usually 5 ml) was added to wash the inlet 
pipes. The reactor was then purged with nitrogen under 
pressure for the removal of oxygen through the reagent/ 
catalyst valve for about 15 minutes. The motor speed control 
was operated to adjust the stirring rate after the cooling 
unit was engaged. The reagent/catalyst inlet valve was then 
closed and the gas-inlet valve was opened. The inflow was 
controlled by adjusting the mass flow controller; the 
inlet pressure was adjusted by the pressure regulator 
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connected to the Ng cylinder; and the system pressure was 
adjusted by opening the fine metering valve to the appropriate 
number of turns with the vernier dial. The reading on the 
vernier scale was recorded for repetitive runs under the same 
experimental conditions. A steady flow of tap water was fed 
to the water-cooled condenser throughout the experiment. The 
heater was started and the required experimental temperature 
was set by the temperature controller. Ng was flowed 
continuously until the temperature reached the pre—set value 
(usually about 1 hour)• After the system temperature reached 
the pre-set value, the N? inlet valve was closed while the air-
inlet valve was opened and the inlet pressure was adjusted-
through the pressure regulator connected to the compressed air 
cylinder to the same value as that of the N2 pressure 
regulator. Once the reaction was started, the experimental 
data such as system temperature, system pressure, gas inflow 
and outflow rates were transferred to the computer for storage 
throughout the experiment by the data acquisition system. The 
heating unit connected to the sample drain unit was started 
and the appropriate temperature was set by the temperature 
controller described earlier.. Samples were collected through 
the sample drain valve at regular intervals for analysis by 
gas chromatography. 
After the experiment, the heater for the reactor was 
turned off. The air—inlet valve was closed while the N?—inlet 
valve was opened again. A steady flow of tap water was fed to 
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the serpentine cooling coil to rapidly lower the reaction 
temperature down to just above 100°C. The reaction-mixture w a s 
then discharged through the bottom drain valve into the sample 
collection flask under a small pressure. The fan was opened 
to discharge the hot organic vapour to the fume hood. The 
motor controller was switched off. When discharge was 
completed, the heater for the sampling unit was turned off. 
When the sampling unit was cooled down, the drain valve and 
the drain pipe were disconnected from the bomb for cleaning by 
acetone to wash away any organic substances deposited inside 
the valve and the pipe. Finally, the temperature controller, 
the pressure meter connected to the pressure gauge, the mass 
flow controller connected to the digital display and the 
flowmeter were turned off after the system pressure was 
released. 
The bomb was then filled with about 500 ml dilute HNO3 
(about 10%) and stood overnight to cleanse the inorganic 
deposits. On the second day, the diluted HNO3 was discharged 
and the autoclave was then rinsed with about 500 ml water 
followed by about 500 ml acetone to dissolve the organic 
deposits; and then rinsed with the reagent of the same volume. 
The system was flushed with N? to complete the cleansing 
processes. Other experiments were carried out repetitively. 
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2.5.3 Experimental Conditions 
A number of experiments described in the following 
Sections 2.5.3.1 一 2.5.3.5, using toluene as reagent, 
conducted under different experiinental conditions such as 
temperature, pressure, flow rate, kinds of catalyst system 
(single and co-catalyst), and concentrations of catalysts is 
summarized in Table 2.1 (IP — Inlet Pressure (psig), SP — 
System Pressure (psig) , ST - System Temperature (°C) , IF -
Inflow (SLPM), TP - Time Period (hr)). 500 ml toluene 
(E.Merck A.R. Grade) measured in 500 ml volumetric flask was 
required as reagent in each run. Unless otherwise specified, 
the cobalt and silver catalysts are cobaltous acetate 
tetrahydrate and silver acetate purchased from E. Merck. 
Other chemicals such as benzaldehyde, benzyl alcohol, benzoic 
acid, benzyl acetate, benzyl benzoate, glacial acetic acid, 
65% nitric acid, 37% hydrochloric acid, ammonium thiocyanate 
and aimnonium fluoride used, in the expeiriment were pmrchased. 
from E. Merck as well. 
2.5.3.1 Air Oxidation of Toluene 
The reactions were conducted with the procedures 
described above without catalyst and under the following 
conditions. The factor of flow rate, as well as temperature, 
affecting the reaction was investigated. 
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Table 2.1 
Summary of Experimental Conditions for different Runs 
Run # IP 迎 ST IF 「Col 「Ag"] ^ 
(psig) (psig) (°C) (SLPM) (ppm) (ppm) (hr) 
Uncatalyzed 
1 50 40 150 2.10 一 一 一 一 7 
2 50 4 0 150 2 .28 —— 一 一 6 
3 50 40 150 2.46 - - 一 一 10 
4 135 120 200 2.46 一 一 一 一 7 
Co-catalvzed 
5 50 40 150 2.46 10 - - 4 
6 50 40 150 2.46 20 一 - 3 
7 50 40 150 2.46 25 - - 2.75 
8 50 40 150 2.46 50 - 一 3 .5 
9 50 40 150 2.46 75 - - 4 
10 50 40 150 2.46 100 - - 3 
11 50 40 150 2.46 15 一 - 3 
12 50 40 150 2.28 15 一 一 3 
13 50 40 150 2 .81 15 - - 3 
14 135 120 195 4.96 50 一 - 4 
15 70 60 170 2.46 10 - - 4 
16 110 100 190 2.46 10 - - 4 
17 135 120 200 2.46 10 - - 4 
18 135 120 200 2.46 20 - - 4 
19 135 120 200 2.46 40 - - 4 
20 135 120 200 2.46 50 - - 4 
21 135 120 200 2.46 75 - - 2 .5 
Aq-catalvzed 
22 135 120 200 2.46 - - 5 5 
23 13 5 120 200 2.46 - - 10 4 
2 4 135 120 200 2.46 - - 20 4 
25 135 120 200 2.46 - - 40 5 
26 145 135 205 2.46 - - 50 6 
27 50 40 150 2.46 - - 50 6 
28 70 60 170 2.46 - - 50 4 
29 110 95 190 2.46 — 50 6 
Co-ACT c o - c a t a l y z e d 
30 50 40 150 2.46 50 25 4 
31 50 40 150 2.46 50 50 4 
32 50 40 150 2.46 50 100 4 
33 135 120 200 2.46 50 10 4 
34 135 120 200 2.46 50 20 4 
35 140 130 205 2.46 50 50 6 
H.O. effect riSODPm) 
50 40 150 2.28 - - - 一 g 
37 50 40 150 2.46 50 - - 4 
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2.5.3.2 Cobalt-catalyzed Air Oxidation of Toluene 
The reactions were conducted under the procedures 
described above and the required concentration (in ppm) of the 
catalyst was obtained using the following procedures. A 
required amount of reagent grade cobaltous acetate 
tetrahydrate was weighed and dissolved in 5 ml glacial acetic 
acid. After addition of 500 ml of toluene into the reactor, 
the cobalt solution was added followed by 5 ml of water to 
wash the transfer pipes to ensure all of the catalyst is 
introduced into the reactor. The water amount should not be 
too much because water will inhibit the reaction by scavenging 
the intermediate peroxy radicals. The subsequent experimental 
procedures were then carried out. About 1-2 ml of liquid 
sample was collected at intervals during reaction, for 
subsequent GC analysis. A fixed amount of toluene was 
pipetted accurately (0-3 ml) into collection bottles (5 ml) 
prior to sample collection. The exact volume of the sample 
was determined by using a 10 ml measuring cylinder (calibrated 
by a set of voluiaetric flasks (1-5 ml) in order to find out 
the dilution factor. The calibration table is shown in Table 
2 . 2 . 
When the concentration of benzoic acid in the reactor 
built up to above 10%, the maximum solubility of benzoic acid 
in toluene at room temperature, a dilution procedure was 
required. This is the reason for the installation of a 
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sampling heating unit which can provide heat from 60 to 100°C 
throughout the reaction (but never above the boiling point of 
toluene, 110°C) . The reaction-mixture was discharged at high 
temperature (T > 100。C) to prevent the sampling unit and the 
bomb from being plugged. 
Table 2.2 
Calibration Table of Measuring Cylinder Volume 
Volumetric flask volume (ml) Measuring cylinder volume fml) 




The study was carried out in a systematic manner. The 
effect of catalyst concentration, air flow rate and 
I 
temperature upon the reaction was studied. The 
reproducibility of the experimental data was verified by , 
repeating Experimental Run #11 in Table 2.1 three times and ‘ 
their corresponding reaction profiles are shown in Figures 2•9 
- 2 . 1 1 . Standard deviations for the analytical results are 
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Fig. 2.9 Benzaldehyde Forma七ion Profile for the Cobalt-
catalyzed Oxidation of Toluene at ISO'^C, 2,4 6SLPM 
and [Co]二1 細 D m level in different Trial 
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Fig, 2.10 Benzyl alcohol Formation Profile for the Cobalt-
catalyzed Oxidation of Toluene at 150°C, 2.46SLPM 
and [Co]=l5ppm level in different Trial 
(a) Trial 1 (b) Trial 2 and (c) Trial 3 
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Fig. 2.11 Benzoic acid Formation Profile for the Cobalt-
catalyzed Oxidation of Toluene at 150°C, 2.4 6SLPM 
and [Co]=l5ppm level in different Trial 
(a) Trial 1 (b) Trial 2 and (c) Trial 3 
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2.5.3.3 Silver-catalyzed Air Oxidation of Toluene 
The experiments were carried out under the procedures 
described above but cobaltous acetate tetrahydrate was 
replaced by silver acetate as catalyst. The silver acetate 
was partly soluble in glacial acetic acid. The effects of 
catalyst concentration and temperature were studied. 
2.5.3.4 Cobalt-Silver Co-catalyzed Air Oxidation of Toluene 
The experiments were carried out under the procedures, 
described above. Cobaltous acetate tetrahydrate and silver 
acetate were used together as co-catalysts. Both cobaltous 
acetate tetrahydrate and silver acetate were dissolved in 5 ml 
of glacial acetic acid and rinsed with 5 ml of water 
afterwards. Both the factors of the catalysts concentrations 
and temperature were studied. 
2.5.3.5 Hydrogen Peroxide Experiment 
Since alkyl peroxy radicals are important intermediates 
in the oxidation process, hydrogen peroxide was introduced 
into the reaction system as a probe to determine the reaction 
pathway. 
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2.6 Reactor Product Analysis 
2.6.1 Liquid Sample Analysis 
The liquid products benzaldehyde, benzyl alcohol and 
benzoic acid together with benzyl acetate and benzyl benzoate 
were determined by a Model-HP5710A gas chromatography equipped 
with an oven temperature programmer (Model HP-5702B) which was 
connected to an IBM-PC/XT (optional) for computer control of 
the Integrator. The computer program is shown in Appendix I. 
The column purchased from Supelco was wide bore borosilicate 
capillary glass, 30 m in length and 0.75 mm internal diameter, 
coated with SUPELCOWAX 10 of 1尸 m film thickness as stationary 
phase. Detection was by flame ionization detector (FID). N? 
was used as carrier gas with a flow rate of 60 ml/inin. The 
sample size was 1 jjLl measured by Hamilton 7 01RNCH 10jAl liquid 
syringe. The GC operating conditions were as follows. The 
injection port and the detector were both set at 250°C. The 
oven temperature was programmed from an initial temperature of 
100°C (hold for 3 min) to a final temperature of 250°C with 七 h e 
temperature increasing at the rate of 16°C/inin. An integrator 
(Model HP3396A) was used to calculate the peak area of each 
compound. The chromatogram is shown in Figure 2.12. The 
results were expressed in area%. Standard calibration curves 
(Figures 2.13, 2.14, 2.15, 2.16 and 2.17) for each of the 
compounds (benzaldehyde, benzyl alcohol, benzoic acid, benzyl 
acetate and benzyl benzoate) were determined. Calibration 
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curves were set up to determine the exact amount of the 
、 ： r e s p e c t i v e products in w/w% (weight of products 
produced/weight of reagent used). 
2.6.2 Cobalt(II) Analysis 
A standard spectroscopic analytical method was employed 
for the determination of Co(II) present in the reaction 
mixture^-^. The Co ( 工 工 ） i n the reaction mixture was reacted 
with ammonium thiocyanate in acetone to give a blue 
cobalt(工工）一thiocyanate complex. The optical absorption of the 
complex obeys Beer's Law, A = ^ cl (where A = absorbance, £ = 
absorptivity, c = concentration and 1 = cell length), and its 
concentration was determined using a HITACHI U-2000 
Spectrophotometer at a wavelength of 622.5 nm. The procedure 
is described below. 
Airrnioniim thiocyanate-fluoride reagent was prepared by 
dissolving 250 g of reagent grade ammonium thiocyanate and 5 g 
of reagent grade ammonium fluoride in distilled water, and 
diluted to the mark in a 500 ml volumetric flask. Standard 
cobalt(工工）solutions (0-200 ppiti) were prepared by dissolving 
appropriate amounts of cobaltous acetate tetrahydrate in 
distilled water. An appropriate aliquot of each standard 
solution was pipetted into separate 25 m l volumetric flask. 
To each flask, 1 ml of thiocyanate-fluoride reagent and 1 ml 
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of dilute HCl (1 ml of 37% HCl in 100 ml distilled water) were 
、added consecutively, plus acetone to the m a r k . A blank was 
prepared by adding 1 ml ammonium thiocyanate—fluoride reagent, 
1 ml diluted HCl and acetone to a 25 ml volumetric flask. The 
absorbance of each solution at 622.5 nm was measured on the 
spectrophotometer and the VIS absorption spectrum is shown in 
Figure 2.18. A calibration curve for cobalt(工工）absorbance is 
shown in Figure 2.19. 
For the determination of the Co(工工）in the reaction 
mixture, 2 ml of the sample was pipetted into a 25 m l 
volumetric flask. 1 ml ammonium thiocyanate-fluoride reagent 
and 1 m l diluted HCl were added and the flask was filled to 
the m a r k with acetone. 
The blank was prepared by pipetting 2 ml toluene, 1 ml 
ammonium thiocyanate-fluoride reagent and 1ml diluted HCl into 
a 25 m l volumetric flask which was then filled to the m a r k 
with acetone. The absorbance of each sample solution was 
measured on the spectrophotometer. The absorbances were 
compared with the calibration curve to determine the 
cobalt(工工）content (in ppm) in the sample and hence in the 
reaction m i x t u r e . 
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2.7 Product Identification and Confirmation by ^H Nuclear 
Magnetic Resonance (NMR) 
The reaction mixture contained mainly unreacted toluene, 
benzaldehyde, benzyl alcohol and benzoic acid together with a 
small amount of benzyl esters (side products). The reaction 
mixture was cooled in an ice-water bath to crystallize out 
most of the benzoic acid which was then separated by suction 
filtration. The filtrate was subsequently distilled under 
vacuum to remove toluene, benzaldehyde and benzyl alcohol. 
Their structures were further confirmed by ^H NMR spectroscopy 
(250 MHz). The spectra are given in Figure 2.20. A tar-like 
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The results obtained in the oxidation studies 
described in Sections 2.5.3.1 一 2.5.3.5 are presented in this 
chapter and organized in Sections 3.1 to 3.4 respectively. 
Finally in Section 3.5, a comprehensive material balance is 
presented for the reactions carried out in this study. For 
convenience, the names of the different radicals and species 
generated in the reactions are collected in Scheme 3.1. 
Scheme 3.1 
HO-0- hydroperoxy radical (HO〗*) 
benzylic radical (AirCH?.) 
‘ benzyloxy radical (ArCHzO.) 
benzyl peroxy radical (ArCHzCy ) 
O 
• phenyl acyl radical (ArCO) 
-0_0-H benzyl hydroperoxide (ArCHyDzH) 
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o 
(Qyc-O-O- benzoyl peroxy radical (ArCO].) 
、 
<^)-C-0-0-H peroxy benzoic acid (ArCO^H) 
Unless otherwise specified, t=0 is defined as the time 
when air is introduced into the reactor after flowing nitrogen 
for about one hour until the system temperature reached the 
pre—designated temperature value for all the product formation 
profile plots presented in this chapter. The first part of 
each product formation profile plot refers to the profile from 
t=0 to the time when an initial maximum peak appears,七賺. 
The second part of each product formation profile plot refers 
to the profile from t^^^ to the end of the experiment, 
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3.1 Air Oxidation of Toluene 
V 
In the absence of catalysts, the oxidation of toluene to 
benzoic acid proceeds according to reactions 3.1.1 一 
3 .1.17」_ 
ArCHj > ArCH?. + H. (3.1.1) 
H- + ©2 > HO2. (3.1.2) 
ArCHj + HO2. > ArCHzO ‘ + H2O (3.1.3) 
ArCH?. + O2 > ArCHgOz. (3.1.4) 
ArCHaO?. + ArCH3 > ArCHzOzH + ArCH?. (3.1.5) 
2 ArCHgOz. > 2ArCH2〇-+ (3.1.6).. 
ArCHaO* + ArCH3 > ArCH?- + ArCHzOH (3.1.7) 
ArCH^O • + ArCHgOzH --> ArCHzO〗• + ArCHzOH (3.1.8) 
2 ArCHzCy > ArCHzOH + ArCHO + O^ (3.1.9) 
ArCHzO. + O2 > ArCHO + HO?. (3 .1.10) 
ArCHO + ArCH^Cy > ArCO + ArCH^OzH (3 .1.11) 
ArCO + 〇2 > ArCOj • (3 .1.12) 
ArCHO + ArCCy > ArCOsH + ArCO (3 .1.13) 
ArCHO + ArCO^H > 2 ArCOOH (3.1.14) 
2 ArCHO + O2 > 2 ArCOOH (3. 1.15) 
ArCHzCy + ArCH^' > ArCH] + ArCOOH (3.1.16) 
ArCHzOH + ArCOOH > ArCHzCOOAr + H^O (3 .1.17) 
Figures 3.1.1 to 3.1.3 illustrate the formation profiles 
for benzaldehyde, benzoic acid and benzyl alcohol 
respectively. It was found that benzaldehyde and benzyl 
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Fig. 3.1.1 Benzaldehyde Formation Profile for the Uncatalyzed 
Oxidation of Toluene at 150°C and different Inflow 
(a) 2.4 6SLPM, (b) 2.28SLPM and (c) 2.lOSLPM 
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Fig. 3.1.2 Benzoic acid Formation Profile for the Uncatalyzed 
Oxidation of Toluene at 150°C and different Inflow 
(a) 2.46SLPM, (b) 2.28SLPM and (c) 2.lOSLPM 
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Fig. 3.1.3 Benzyl alcohol Formation Profile for the 
Uncatalyzed Oxidation of Toluene at 150°G and 




2.0 -- 乂 
。 v . . . 
0.0-1^ ‘ 1 1 
0 2 4 6 8 
Time (hr) 
without hydrogen peroxide with hydrogen peroxide 
Fig. 3,1.4 Benzaldehyde Formation Profile for the Uncatalyzed 
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alcohol formed slowly in the first hour with an induction 
period of approximately 0.5 hr during which ArCH^O and ArCHzO? 
radicals build up according to the reactions illustrated by 
equations 3.1.3, 3.1.4, 3.1.6 and 3.1.8. This is followed by 
a rapid formation of the aldehyde (equations 3.1.9 & 3.1.10) 
and alcohol (equations 3.1.7 - 3.1.9) as well as benzoic acid 
(equations 3.1.11 - 3.1.16)• Inspection of the reaction 
profiles clearly shows that the aldehyde and the acid profiles 
behaved similarly, i.e. the concentrations of the aldehyde and 
the acid varied in similar ways. We will first consider the 
reactions for the formation of benzaldehyde and benzoic acid. 
At the air flow rate of 2.10 SLPM, the limiting 
concentration of benzaldehyde was at 2•0 - 2.15% whereas those 
of the acid was approximately 4.7%. When the air flow rate 
was increased to 2.28 SLPM, the limiting concentration of 
benzaldehyde was raised by as much as 0.6% to 2.75% whereas 
that of the acid was raised to 7.5%. When the air flow rate 
was increased further to 2.45 SLPM, the final limiting 
concentration of the benzaldehyde dropped back to the 2.2% 
level and 七 h e acid level decreased in parallel to about 5 . 5 % . 
FR=2.10SLPM FR二2.28SLPM FR=2,4 6SLPM 
Benzaldehyde冬 2.1 2.75 2.2 
Benzyl alcohol% < 2.0-2.2 > 
Benzoic acid冬 4.7 7.5 5.5 
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厂 t II 
j 
I 
j A viable sequence of reactions most consistent with this 
I observation is given by reactions 3.1.2, 3.1.3, 3.1.6, 3.1.9 
！ 
j and 3.1.10. When the oxygen content in the solution is 
increased, reactions 3.1.2, 3.1.3 and 3.1.10 are favoured, 
leading to an overall increase in the concentration of the 
j benzyloxy radical, and therefore an increase in the yield of 
j benzaldehyde. As the oxygen content continued to increase in 
j the system, the effect of reaction 3.1.6 became significant 
•j and repressed the formation of the benzyloxy radical. In 
j other words, this additional source of benzyloxy radical is 
i suppressed leading to an overall decrease in the yield of ] 
j benzaldehyde. This sequence is believed to be responsible for 
the initial growth of the benzaldehyde formation profile with 
) \ 
I the hydroperoxy radical being the critical intermediate which 
is generated by reaction 3.1.1 and 3.1.2. In order to 
differentiate either reaction 3.1.9 or 3.1.10 is responsible 
for the initial formation of benzaldehyde, an experiment was 
carried out whereby hydrogen peroxide (35%) was added to the 
reaction at t=0 at ISOppm level to probe its effect towards 
the hydroperoxy radical. 
Figures 3.1.4 - 3.1.6 illustrate the formation profiles 
of benzaldehyde, benzoic acid and benzyl alcohol respectively 
in the presence of hydrogen peroxide. It was found that all 
three products formed much faster in the first half hour. 
This is attributed to the initial build up of the hydroperoxy 
radical, HCy , according to equation 3.1.18, 
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j without hydrogen peroxide with hydrogen peroxide 
Fig. 3.1.5 Benzoic acid Formation Profile for the Uncatalyzed 
1 Oxidation of Toluene at 150°C, 2.28SLPM in the (a) 
j presence and (b) absence of Hydrogen peroxide at 
j ISOppm level 
I 
i 
i [Benzyl alcohol] (w/w%) 
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Fig. 3.1.6 Benzyl alcohol Formation Profile for the 
Uncatalyzed Oxidation of Toluene at 150°C, 2.28SLPM 
in the (a) presence and (b) absence of Hydrogen 
peroxide at ISOppm level 
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Ep^ > HCy + H . (3 . 1. 18) 
! 
followed by the rapid formation of the benzyloxy radical, 
i ArCHzO • , via equation 3.1.3, which subsequently led to the 
formation of benzaldehyde (equation 3.1.10), benzyl alcohol 
i 
！ 
(equations 3.1.7 and 3.1.8) and benzoic acid (equations 3.1.11 




I After half an hour, the rates of formation of 
i ‘ 
( 
benzaldehyde, benzoic acid and benzyl alcohol became slower 
with the final limiting concentration placed at 1.7 - 1.8%, 
2.2 - 2.4% and 1.3 一 1.4% respectively when compared to those 
without the addition of hydrogen peroxide. 
With H.O. Without H.O. 
Benzaldehyde绘 1.7-1.8 2.5-2.75 
Benzyl alcohol% 1.3-1.4 2-2.25 
Benzoic 2.2—2.4 7 . 5-8 
It is well established that hydrogen peroxide decomposes 
thermally to hydroxy 1 radicals, -OH 3-6• 
H2O2 > 2 O H . (3.1.19) 
Reaction 3.1.19 is more likely to proceed faster than reaction 
3.1.18 since the bond dissociation energy of HO-OH (52.6 
kcal/mole) is smaller than that of H-O2H (90 kcal/mole) 了 人 3.7, 
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hence OH radicals build up in the system. The order of 
、reactivity for different radicals is given below^-®. 
• OH > ArCH^O • > ArCHzO? • 
• OH > HCy 
Less benzaldehyde and benzyl alcohol will be formed 
subsequently because reactions 3.1.20, 3.1.21 and 3.1.22 
ArCHzO- + "OH sArCH^OzH (3.1.20) 
ArCH3 + -OH > ArCH?-+ H^O (3.1.21) 
ArCH^OzH + -OH > ArCHzO?. + H2O (3.1.22) 
compete more effectively against reactions 3.1.10, 3.1.7 and 
3.1.8. The same argument applies to benzoic acid because it 
is mainly formed from benzaldehyde via reactions 3.1.11 to 
3.1.14. Therefore, the introduction of hydrogen peroxide to 
the reaction quenched the formation of ArCH?。• and hence 
benzaldehyde and benzyl alcohol. It is concluded that any 
pathway involving the ArCHzO. radical in the formation of the 
aldehyde and alcohol were more effective (important) pathways, 
i.e., reactions 3.1.7, 3.1.8 and 3.1.10 which are responsible 
for the initial part of the observed formation profiles rather 
than coupling reaction of the benzylperoxy radical producing 
equal amounts of benzaldehyde and benzyl alcohol (reaction 
3.1.9). 
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There are three possible pathways leading to the 
‘formation of benzoic acid, namely; reaction 3.1.11 couples 
with reaction 3.1.12 - 3.1.14 forming one reaction sequence, 
the direct reaction of benzaldehyde with molecular oxygen 
(reaction 3.1.15) and the coupling of the benzylperoxy and the 
benzylic radical illustrated by reaction 3.1.16. 
Reaction 3.1.15 can be eliminated immediately as a major 
contributing reaction for the formation of benzoic acid. 
According to reaction 3.1.15, an increase in the oxygen 
content in the system should only increase the yield of the 
acid. Experimentally, contrary results were obtained. 
Of the two remaining pathways, the significance of 
reaction 3.1.16 contributing towards the initial portion of 
the formation curves is also questionable because neither the 
benzylic nor the benzylperoxy radicals were readily available 
for radical coupling reaction. In addition, high 
concentration of toluene in the reaction system will repress 
the formation of benzoic acid via reaction 3.1.16. It is 
expected that most of the available benzylic radical tend to 
react with molecular oxygen to form the benzylperoxide 
radical, i.e., reaction 3.1.4 is favoured over reaction 3.1.16 
at least at this temperature. Hence, reaction 3.1.11 couples 
with reactions 3.1.12 - 3.1.14 is the most likely pathway for 
the formation of benzoic acid. This is confirmed by the known 
rates of benzaldehyde autoxidation whereby the reaction 
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between the benzaldehyde and the benzylperoxy radical was 
^extremely fast (k = 1900 M'''sec"'') as compared to the 
autoxidation of benzaldehyde with hydroperoxy radical (k二17 M" 
isec-i)3-8. The complementary benzaldehyde and benzoic acid 
behaviour was observed because benzoic acid was formed through 
benzaldehyde via reactions 3.1.11 一 3.1.14. 
The discussion in the last paragraph indirectly suggests 
that ArCHzOgH was produced from reaction 3.1.11, thus favouring 
the formation of benzyl alcohol through reaction 3.1.8. 
However, the results in Figure 3.1.3 did not support this 
argument because there was a slight drop of alcohol 
concentration after the initial maximum was reached in the 
first part of the formation profile. Qualitatively, this drop 
in alcohol concentration was correlated with the formation of 
benzyl benzoate through the continued operation of reaction 
3.1.18, i.e., the esterification of acid and alcohol to form 
benzyl benzoate, upon the formation of benzoic acid. The 
subsequent recovery of benzyl alcohol in the second part of 
the profile was attributed to the significant contribution of 
* . 
reaction 3.1.9 being the second pathway for its formation with 
rates considerably slower than 3.1.8. 
For the first part of the alcohol formation profile, the 
peak concentration of the benzyl alcohol was 2.1 - 2.2% when 
the 
air flow rate was increased from 2.10 to 2.46 SLPM. This 
small change in its concentration can be rationalized by the 
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sequence involving the reactions 3.1.1, 3.1.4, 3.1.5, 3.1.7 
‘and 3.1.8. With the benzyloxy radical preoccupied in the 
system to react with oxygen in the formation of benzaldehyde, 
the contribution of reactions 3.1.7 and 3.1.8 to benzyl 
alcohol formation process will be comparatively less 
significant than reaction 3.1.10. Experimental confirmation 
supporting this suggestion can be found in Figures 3.1.1 and 
3.1.3 which conclusively demonstrated that the formation of 
benzaldehyde was faster than that of benzyl alcohol in the 
first part of the formation profile. Finally, we did not 
observe any measurable change in the final concentration of 
alcohol in Figure 3.1.3 when the oxygen content was increased, 
confirming that the contribution of reaction 3.1.9 was very 
small for the time period of observation. Longer experimental 
time did confirm that there was a small but parallel increase 
in both the benzaldehyde and the benzyl alcohol concentration 
thus affirming that the contribution of reaction 3.1.9 becomes 
significant in the second part of the profile. 
The steady state concentration of benzyl alcohol was 
approximately 1.9 - 2.0% when the air flow rate was 2.10 SLPM. 
Subsequent increase in air flow did not reveal any significant 
increase in the formation of benzyl alcohol. On the one hand, 
H02- radical continued to build up as reaction 3.1.10 
proceeded, reactions 3.1,2 and hence 3.1.3 were suppressed 
indirectly. This effect led to a depleted supply of ArCHzO. 
radicals for the second part of the reaction. On the other 
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hand, the concentration of the ArCH^Oz. radicals build up 
gradually via reaction 3.1.4, in which ArCH^ • radicals were 
generated continuously through reactions 3.1.1 and 3.1.7. In 
addition, reaction 3.1.8 also supplied benzylperoxy radicals 
to the overall concentration. Therefore, the contribution of 
reaction 3.1.9 to the formation of benzaldehyde and benzyl 
alcohol became significant in the second part of the reaction 
through the following coupling itiechanism^"^. 
Ar、 Ar^ 0 
2 ^CHOO > ^c ^ r 〇 > ArCHO + ArCH^OH + 〇, 
H z H z ^-H^VS^^ 2 2 
I 
H - C - A r 
I 
H 
According to reaction 3.1.9, increasing oxygen flow did 
not favour the formation of both the benzaldehyde and benzyl 
alcohol but favour the formation of ArCHzO〗.via reaction 3.1.4 
and in turn favours reaction 3.1.9 to produce more 
benzaldehyde and benzyl alcohol. These two reactions may 
counteract each other and may lead to an "apparent" oxygen 
independence in the production of benzaldehyde and benzyl 
alcohol in the second part of the profile as shown in Figure 
3.1.3 in which the limiting concentration of alcohol was 
unaffected as flow rate was varied from 2.10 to 2.46 SLPM. 
The variation in the limiting concentration of benzaldehyde 
within the same range owes its origin to the oxygen dependence 
of benzaldehyde formation in the first part of the profile and 
has been discussed previously. 
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When the temperature was increased from 150°C to 2 00°C, it 
I was found that the rate of formation of benzaldehyde, benzyl 
alcohol and benzoic acid increased as shown in Figures 3.1.7 一 
! 
3.1.9. This is anticipated because the formation of benzylic 
radicals are favourable at higher temperatures thus leading to 
an overall increase in the rate of formation of all three 
products. For the aldehyde, the final concentration was 
independent of temperature suggesting that both the rates of 
formation and consumption of benzaldehyde increased by the 
same amount and that there was no basic change in the reaction 
pathway which was responsible for its formation compared to 
i 
those at 150°C. Since complementary benzaldehyde and benzoic 
acid behaviour was expected, an increase in the rate of 
benzaldehyde formation should lead to an increase in the rate 
of the formation of benzoic acid. The much higher (double at 
11%) limiting concentration observed may well reflect that the 
rate of the hydrogen atom or benzylic radical formation was 
doubled at 2 00°C thereby leading to an overall more favourable 
oxidation of toluene to benzoic acid at higher temperatures. 
As shown in Figure 3.1.9, a greater loss in benzyl alcohol was 
also expected because esterification of benzyl benzoate with 
acid is highly favoured at high temperature. 
150^C 200°C 
Benzaldehyde% < 2.1-2.3 > 
Benzyl alcohol% 2.2 1.2 
Benzoic acid毛 6 11 
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Fig.3.1.7 Benzaldehyde Formation Profile for the Uncatalyzed 
Oxidation at 2.4 6SLPM and Different Temperature 





1 [Benzoic acid] (w/w%) 




； 0 , Z ‘ ‘ I 
^ 0 2 4 6 8 
Time (hr) 
— T = 1 6 0 C 丁=2〇〇C 
Fig.3.1.8 Benzoic acid Formation Profile for the Uncatalyzed 
Oxidation at 2.46SLPM and different temperature (a) 
150Oc and (b) 200°C. 
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Fig.3.1,9 Benzyl alcohol Formation Profile for the 
Uncatalyzed Oxidation at 2.46SLPM and different 
temperature (a) 150°C and (b) 200°C. 
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3•2 Cobalt-catalyzed Air Oxidation of Toluene 
、 
During the autoxidation of toluene, the initially formed 
benzaldehyde, being more reactive than the substrate, 
undergoes further rapid oxidation to the corresponding 
carboxylic acid, i.e., the rate constant of reaction 3.2.1 
(k=1900 M-isec—i) is greater than that of reaction 3.2.2 (k二0.24 
M'lsec-i) in the competition^-®. 
ArCHO + ArCHzO?- > ArCO + ArCH^OzH (3.2.1) 
ArCH3 + ArCHzCy > ArCH^- + ArCHzOzH (3.2.2) 
By contrast, in the presence of high concentrations of cobalt 
catalysts, the rate-limiting step is electron transfer via 
oxidation of the substrate by Co(III). In this case, the 
intermediate benzaldehyde is less reactive than the substrate 
because of the electron-withdrawing effect of the carbonyl 
group, which increases the ionization potential of the 
molecule, i.e., the rate constant of reaction 3.2.3 is greater 
than that of reaction 3.2.4. 
Co(工工I) + ArCH3 > [ArCH3]r + Co(工工） （ 3 . 2 . 3 ) 
Co(工工工）+ ArCHO > [ArCHO]: + Co(II) (3.2.4) 
For all the reactions carried out at 150°C, it was 
established that no cobalt ( 工 工 ） w a s detected in the beginning 
of the reaction. This is shown in Figure 3.2.4 and may be 
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explained by considering the reaction 3.2.5. 
V 
H+ 
ArCH^- + Co ( 工 工 ） 产 A r C H 3 + Co(III) (3.2.5) 
When the temperature is sufficiently high, the benzylic 
radical (ArCH?. ) formed from equation 3.1.1 oxidized Co(工工）/H+ 
to Co(工工I) reversibly. Thus, most of the cobalt appeared in 
Co(III) form at the beginning of the reaction. When oxygen is 
introduced into the system, the benzylperoxy radical (ArCHzCy ) 
and hence ArCHzO. were formed according to reactions 3.1.4 and 
3.1.6. Owing to the consumption of ArCH?. radicals via 
reaction 3.1.4, reaction 3.2.5 shifted to left hand side 
gradually producing Co(II) as well as the ArCH^. as the 
reaction proceeded. Inspection of Figures 3.2.1 through 3.2.3 
clearly indicates that oxidation of toluene was more 
favourable in the presence of cobalt with no detectable 
induction period. 
From the previous section, it was established that there 
was m o r e than one reaction or reaction sequence responsible 
for the formation of either the aldehyde, the alcohol or the 
acid. This behaviour clearly revealed itself here under 
cobalt catalyzed conditions, as shown in Figures 3.2.1 - 3.2.3 
but was less apparent under non-catalytic conditions. The 
oxidation process may be considered to consist of two p a r t s . 
First, the initial maximum concentrations of aldehyde (2.4 -
3.0%) and alcohol (1.0 一 1.5%) was attained rapidly; this was 
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Fig. 3.2.1 Benzaldehyde Formation Profile for the Cobalt-
catalyzed Oxidation of Toluene at 150°C, 2.46SLPM and different 
[Co] (a) lOppm, (b) 2Oppm, (c) 25ppm, (d) 5Oppm, (e) 75ppm and 
(e) lOOppm 
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Fig. 3.2.2 Benzoic acid Formation Profile for the Cobalt-
catalyzed Oxidation of Toluene at 150°C, 2.4 6SLPM and different 
[Co] (a) lOppm, (b) 20ppm, (c) 25ppm, (d) SOppm, (e) 75ppm and 
(e) lOOppm 
77 
[Benzyl alcohol] (vv/w %] 
2.0 
0 . 0 ‘ ‘ ‘ 1 丨 
0 1 2 3 4 5 
Time (hr) 
lOppm 2〇ppm 25ppm SOppm 
75ppm — ^ lOOppm 
Fig. 3,2.3 Benzyl alcohol Formation Profile for the Cobalt-
catalyzed Oxidation of Toluene at 150°C, 2.46SLPM and different 
[Co] (a) lOppm/ (b) 2Oppm, (c) 25ppm, (d) SOppm, (e) 75ppm and 
(e) lOOppm 
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Fig. 3,2.4 Cobalt ( 工 工 ） F o r m a t i o n Profile for the Cobalt-
catalyzed Oxidation of Toluene at 150°C, 2.4 6SLPM and different 
[Co] (a) lOppm, (b) 2oppm, (c) 25ppm, (d) SOppm, (e) 75ppni and 
(e) lOOppm 
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followed by a drop and the formation was picked up once again 
^ gradually and tend to reach a limiting value slowly. This 
second part is well depicted in the alcohol profiles shown in 
Figure 3.2.3. 
There were some subtle differences in the reactions that 
were responsible for the formation of benzaldehyde, benzyl 
alcohol and benzoic acid in the first part of the catalyzed 
oxidation of toluene. ArCHg- radicals and H+ ions (not H-
radicals) were generated from the backward reaction of 3.2.5. 
As a consequence, more benzylperoxy radical was generated 
(reaction 3.1.4) than the hydroperoxy radical did (reaction 
3.1.2). According to reaction 3.1.5 and 3.1.6, formation of 
benzylhydroperoxide (ArCHzOzH) and the benzyloxy (ArCHaO.) 
radical were favoured leading to the formation of benzyl 
alcohol via reaction 3.1.8. This accounts for the initial 
increase in the formation of the benzyl alcohol observed in 
Figure 3.2.1 and 3.2.3. Thus, the different pathways which 
lead to the formation of the benzyloxy radical were the 
primary reason for the difference between the catalyzed and 
the uncatalyzed air oxidation reactions, the former was via 
reactions 3.1.4 and 3.1.6 whereas the latter was via by 3.1.2 
and 3.1.3. 
There were also differences in the second part between 
the catalyzed and uncatalyzed reaction. In the former one, 
after reaching the initial maximum peak, the concentrations of 
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aldehyde and alcohol dropped to a greater extent. This is 
V 
seen as mainly due to the catalytic effect of cobalt. Since 
Co(工工）was formed gradually after the reaction started, 
reactions 3.2.6 and 3.2.7 are expected to participate in the 
aldehyde and alcohol conversion process. 
ArCHO + C o (工工 I ) — — > Ardo + Co(II) + H+ (3.2.6) 
ArCH^OH + Co ( I I I ) — — > ArCHOH + Co ( 工 工 ） + H+ (3.2.7) 
Comparing Figures 3.2.3 and 3.2.4, it is seen that the 
minimum in the alcohol profiles occurred at a position 
corresponding to [Co(工工）]at its maximum. This is direct 
experimental evidence supporting equation 3.2.7. Although 
less apparent from the profiles, equation 3.2.6 is also 
supported. 
The interaction of the phenylacyl radical with molecular 
oxygen via reaction 3.1.12 produces the benzoylperoxy radical 
which then participates in the reaction sequence for the 
catalytic formation of benzoic acid. Therefore, the formation 
of phenylacyl radical by reaction 3.2.6 was the key step 
linking the chains to the formation of benzoic acid through 
reactions 3.1.12 - 3.1.14. 
The subsequent recovery of benzaldehyde (2.5 - 2.9% a t t 
= 3 - 4 hr) and benzyl alcohol (1.0 - 1.5% at t = 3-4 hr) in the 
second part of the profile is best described by the oxidation 
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of Co(II) back to Co(工工I) by the benzylperoxy radicals shown 
in equations 3.2.8 and 3.2.9. 
ArCHzCy + Co(工工） > ArCHO + Co(工工I)OH (3.2.8) 
2 ArCHzO? . + Co (工工） > ArCHO 
+ ArCHzOH + Co(III)02 (3.2.9) 
Co(工工）continued to decrease without being regenerated because 
the catalyst lost its activity by undergoing a change in the 
oxidation process itself by reaction with benzylperoxide 
and/or benzylperoxy radicals3-io _ 3•”. The energetics at 150°C 
was too weak to activate the inactive cobalt. 
Benzoic acid continued to increase with final 
concentration of 17 - 34% (at t = 3-4 hr). Co(工工）was 
suggested to involve in its formation by the following 
r e a c t i o n s」“• 
ArC03. + ArCHO > ArC〇3H + ArCO (3.2.10) 
I 
ArCOsH + C o ( 工 工 ） — — > ArCO?、 + Co(工工I)OH (3.2.11) 
ArCO〗.+ ArCHO > ArCO + ArCOOH (3 .2.12) ‘ 
ArCHOH + ©2 > ArCHOHO?. (3.2.13) 
ArCHOHCy + Co(工工） > ArCOOH + Co(工工I)OH (3.2.14) 
It is important to note that when Co(II) ceased to exist in 
the system, benzoic acid formation also ceased. This is well 
illustrated by comparing Figures 3.2.2 and 3.2.4 for the 
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profile labelled 10 ppm. In other words, when the redox cycle 
was destroyed, catalytic effect stopped and acid formation 
also stopped abruptly. 
At 150°C, it was found that the limiting concentrations of 
benzaldehyde ( 2 . 5 - 2.9%) and benzyl alcohol (1.1 一 1.5%) 
increased slightly as the concentration of cobalt was 
increased from 10 ppm to 50 ppm and then decreased slightly 
again to 2.5% for the benzaldehyde and 1% for benzyl alcohol 
when the concentration of cobalt was further increased from 50 
ppm to 100 ppm. For benzoic acid, the concentration increased 
significantly (17 to 35%) when the cobalt content increased 
from 10 ppm to 25 ppm and then levelled off in the 
intermediate catalyst concentration range but started to 
decrease when the catalyst concentration reached 100 ppm 
(30%)• Since the temperature had not reached the optimum 
value, the catalyst-inhibitor property of excess cobalt could 
not be observed easily. 
lOppm 2 5ppm SOppm lOOppm 
Benzaldehyde% 2.5 —— 2.9 2.5 
Benzyl alcohol% 1.1 一一 1.5 1 
Benzoic acid冬 17 35 —— 30 
When the temperature was increased from 150。C to 200°C 
(Figures 3.2.5 - 3.2.8) the catalyst-inhibitor property became 
obvious. It is seen that the concentrations of benzaldehyde 
and benzyl alcohol reached their maxima (3.1 & 1.5% 
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Fig. 3.2.5 Benzaldehyde Formation Profile for the Cobalt-
catalyzed Oxidation of Toluene at 2 0 0°C, 2.46SLPM and different 
[Co] (a) lOppm, (b) 20ppm, (c) 40ppm, (d) SOppra and (e) 75ppm 
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Fig. 3.2.6 Benzoic acid Formation Profile for the Cobalt-
catalyzed Oxidation of Toluene at 200。c, 2.4 6SLPM and different 
[Co] (a) lOppm, (b) 20ppm, (c) 40ppm, (d) 50ppm and (e) 75ppm 
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Fig. 3.2.7 Benzyl alcohol Formation Profile for the Cobalt-
catalyzed Oxidation of Toluene at 2 0 0 , 2.4 6SLPM and different 
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Fig. 3.2.8 Cobalt ( 工 工 ） F o r m a t i o n Profile for the Cobalt-
catalyzed Oxidation of Toluene at 200°C, 2.46SLPM and different 
[Co] (a) lOppm, (b) 20ppm, (c) 40ppm, (d) SOppm and (e) 75ppm 
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respectively) when the initial cobalt concentration was equal 
V 
to 10 ppm and their minima (2 & 1% respectively) at 75 ppm. 
For benzoic acid, the equilibrium concentration remained 
relatively unchanged at 22 - 25% when the cobalt content was 
varied from 10 ppm to 20 ppm. It increased dramatically and 
reached maximum (41%) at cobalt content of 50 ppm and then 
decreased as cobalt content further increased to 75 ppm (35%) • 
The inhibitor characteristics of excess catalyst is discussed 
in Chapter One. 
lOppm SOppm 7 5ppm 
Benzaldehyde% 3.1 2.5 2 
Benzyl alcohol冬 1.5 1.3 1 
Benzoic acid% 22-25 41 35 
As seen from Figure 3.2.8 (at 200°C) , it was found that 
the concentration of Co(工工）decreased and increased 
alternatively after reaching the initial maximum peak. This 
oscillating phenomenon is more pronounced at higher 
temperatures and owes its origin to the shifting process 
between the Co(工工）and Co(工工I) couple. The inactive cobalt 
became active again at higher temperature and thus Co(工工）can 
be realeased for further reaction with the intermediates to b e 
reduced back to Co(工工）and vice versa in the system. Apart 
from those already mentioned, i.e. reactions 3.2.5 - 3.2.9, 
3-2.11 and 3.2.14, reactions 3.2.15 - 3•2•18 also contributed 
to this oscillating phenomenon^-'' “ 
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ArCH3 + Co ( 工 工 I ) � ： A r C H ? ' + Co ( 工 工 ） + H+ (3.2.15) 
、 ArCHzO^H + Co ( 工 工 工 ） — — > ArCHzO?. + Co(II) + H+ (3.2.16) 
ArCOjH + Co ( 工 工 I ) — — > ArC03. + Co(II) + H+ (3.2.17) 
ArCEyDaH + Co ( 工 工 ） > ArCHzO- + Co ( 工 工 I ) OH (3.2.18) 
For the temperature effect on the catalyzed oxidation 
process, it was found that when temperature was increased from 
150°C to 200°C, there was an increase in the equilibrium 
concentrations of both benzaldehyde (2.5 一 3.0%) and benzoic 
acid (16 - 23%) clearly demonstrating that formation of 
benzaldehyde and, particularly, benzoic acid are more 
favourable at higher temperatures. Their formation profiles 
are shown in Figures 3.2.9 - 3.2.10. But for the case of 
benzyl alcohol (Figure 3.2.11), its equilibrium concentration 
increased (1.1 一 1.9%) as temperature increased from 150°C to 
170°C; and then decreased (1.9 - 1.5%) when the temperature was 
further increased to 200°C. The lower initial drop of benzyl 
alcohol at higher temperatures derived from the fact that 
there were competitions between reaction 3.2.3 and 
esterifications between benzyl alcohol and acetic acid as w e l l 
as benzoic acid. It is seen that the concentrations of benzyl 
acetate and benzyl benzoate increased when the oxidation was 
carried out at higher temperatures (Tables A-工工.5, A-工工.15, A-
工 工 . 1 6 and A-工I.17). The optimum final concentration of benzyl 
alcohol observed at 170。C may suggest that e s t e r i f i c a t i o n 
reactions became favourable beyond this temperature. Once 
again, it is demonstrated in Figure 3.2.12 that oxidation 
ceased when Co(工工）ceased to be regenerated. 
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[BGnzaidehyde] (w /w %] 
4 “ 
L ^ ^ ^ ^ ^ ^ ^ 1 
0 1 2 3 4 
Time (hr) 
一 T=150C' + T=170C T=190C T=200C 
Fig.3.2.9 Benzaldehyde Formation Profile for the Cobalt-
catalyzed Oxidation of Toluene at 2.46SLPM, [Co]=10ppm and 
different temperature (a) 150°C, (b) 170°G, (c) igo'^C and (d) 
200°C 
[Benzoic acid] ( w / w %) 30 I — I 
q I ^ Z ^ - 1 1 ‘ 
0 1 2 3 4 
Time (hr) 
— T = 1 5 0 C T=170C T=190C T=200C 
Fig.3.2.10 Benzoic acid Formation Profile for the Cobalt-
catalyzed Oxidation of Toluene at 2.46SLPM, [Co]=10ppm and 
different temperature (a) 150°C, (b) 170°C, (c) 190°C and (d) 
2 0 0°C 
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‘ [Benzyl alcohol] (w /w %] 
2.5 I 
/ . 
• 0 . 0 ® ‘ ‘ ‘ 
0 . 1 2 3 4 
Time (hr) 
- - — T = 1 6 0 C — ^ T=17—OC T=190C T=200C 
Fig,3.2.11 Benzyl alcohol Formation Profile for the Cobalt-
catalyzed Oxidation of Toluene at 2 .4 6SLPM, [Co]=:10ppm and 
different temperature (a) 150°C, (b) 170°C, (c) 190°C and (d) 
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Fig.3.2.12 Cobalt ( 工 工 ） F o r m a t i o n Profile for the Cobalt-
catalyzed Oxidation of Toluene at 2.46SLPM, [Co]=10ppm and 
different temperature (a) 150°C, (b) 170°C, (c) 190°C and (d) 
200°C 
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. [Benzoic acid] (w/w%) 40 I — 
3 0 -
:z 
oil ‘ ‘ ‘ ‘ 
0 1 2 3 4 5 
Time (hr) 
— ‘ — — I — 
without hydrogen peroxide with hydrogen peroxide 
Fig. 3.2.13 Benzoic acid Formation Profile for the Cobalt-
catalyzed Oxidation of Toluene at 150°C, 2.46SLPM and 
[Co]=50ppra in the (a) presence and (b) absence of Hydrogen 
peroxide at ISOppm level 
[Co(ll)] (ppm) 60 I 
Q-m： 1 1 ^ I 
0 1 2 , 3 4 5 
Time (hr) 
. without hydrogen peroxide with hydrogen peroxide 
Fig. 3.2.14 Cobalt ( 工 工 ） F o r m a t i o n Profile for the Cobalt-
catalyzed Oxidation of Toluene at 150°C, 2.4 6SLPM and 
[Co]二50ppm in the (a) presence and (b) absence of Hydrogen 
peroxide at ISOppm level 
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150°C 17Q°C 200°C 
^Benzaldehyde% 2.5 2.8 3 
Benzyl alcohol% 1.1 1.9 1.5 
Benzoic acid% 16 18 23 
Further evidence supporting this argument comes from 
hydrogen peroxide catalyzed oxidation experiments. The 
results are shown in Figures 3.2.13 - 3•2•14• It was observed 
that in the first two hours, the concentration of benzoic acid 
in the presence of hydrogen peroxide was slower than that in 
the absence of hydrogen peroxide. However, after two hours, 
Co(工工）was regenerated in the former system and the 
concentration of benzoic acid increased to catch up to that in 
the latter system. It implies that the regeneration of Co(II) 
ions is important to the formation of benzoic acid. 
In determining the effect of the air flow rate on the 
catalyzed oxidation process, it was found that there was no 
( 
significant effect on the product yields when the experimental 
conditions, i.e. temperature and catalyst concentration, w e r e ； 、 
« 
not optimized (Figures 3.2.15 - 3.2.18). This is because the ； 
controlling factors in that case are temperature and catalyst ‘ 
content (15 p p m ) . 
FR=2.2 8SLPM FR=2.4 6SLPM FR二2.81SLPM 
Benzaldehyde% < 2.7-3 > 
Benzyl alcohol冬 < 1.2-1.4 > 
Benzoic acid% < 25—28 > 
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benzaldehyde] (vv/w %] — 
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V 
/ . I ‘ ‘ ‘ 
0 1 2 3 4 
Time (hr) 
— F R二 2 . 4 6 S L P M - 4 - FR=2.28SLPM 冬 FR=2.81SLPM 
Fig. 3.2.15 Benzaldehyde Formation Profile for the Cobalt-
catalyzed oxidation of Toluene at ISO^C, [Co]=15ppm and 
different Inflow (a) 2.28SLPM, (b) 2.46SLPM and (c) 2.81SLPM 
[Benzoic acid] ( w / w %] 
36 I 
30 - 声 
o i - ^ — — I • ‘ 
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Time (hr) -
— F R = 2 . 4 6 S L P M + FR=2.28SLPM FR=2.81SLPM 
Fig. 3.2.16 Benzoic acid Formation Profile for the Cobalt-
catalyzed oxidation of Toluene at 150。C, [Co]:=15ppm and 
different Inflow (a) 2.28SLPM, (b) 2.46SLPM and (c) 2.81SLPM 
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[Benzyl alcohol] (w /w %] 
o.ol ‘ ‘ “ 1 
0 1 2 3 4 
Time (hr) 
一 FR=2.46SLPM F n = 2 . 2 8 S L P M FR=2.81SLPM 
Fig. 3.2.17 Benzyl alcohol Formation Profile for the Cobalt-
catalyzed Oxidation of Toluene at 150°G, [Co]=15ppm and 
different Inflow (a) 2.28SLPM, (b) 2.46SLPM and (c) 2.81SLPM 
[Co(ll]] (ppm) 
2 0 | 
0 1 2 3 4 
Time (hr) 
— F R = 2 . 4 6 S L P M - I — FR=2.28SLPM FR=2.81SLPM 
Fig. 3.2.18 Cobalt (11) Formation Profile for the Cobalt-
catalyzed Oxidation of Toluene at 150°C, [Co] =15ppni and 
different Inflow (a) 2.28SLPM, (b) 2.46SLPM and (c) 2.81SLPM 
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Fig. 3,2.19 Benzaldehyde Formation Profile for the Cobalt-
catalyzed Oxidation of Toluene at 200°C, [Co]=:50ppm and 
different Inflow (a) 2.46SLPM and (b) 4.9 6SLPM 
[Benzoic acid] (w/w%) 80 I 
60 - ^ 
‘ ‘ 1 1 
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Time (hr) 
— F R = 2 . 4 6 S L P M -4— FR=4.96SLPM 
Fig. 3.2.20 Benzoic acid Formation Profile for the Cobalt-
catalyzed Oxidation of Toluene at 200°C, [Co]=:50ppm and 
different Inflow (a) 2.46SLPM and (b) 4.9 6SLPM 
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——FR=2.46SLPM FR=4.96SLPM 
Fig. 3.2.21 Benzyl alcohol Formation Profile for the Cobalt-
catalyzed Oxidation of Toluene at 200°C, [Co]=50ppm and 
different Inflow (a) 2.46SLPM and (b) 4.96SLPM 
[Co(ll)] (ppm) 60 I 
I t V / v r ： : 
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Time (hr) 
— F f l = 2 . 4 6 S L P M - 4 - FR=4.96SLPM 
Fig. 3.2.22 Cobalt (11) Formation Profile for the Cobalt-
catalyzed Oxidation of Toluene at 2 0 0°C, [Co]=50ppm and 
different Inflow (a) 2.46SLPM and (b) 4.9 6SLPM 
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However, once the temperature was high enough (2〇0°C) and 
、 the catalyst concentration was within its optimum range, we 
chose [Co]=50 ppm for industrial compatibility, increasing the 
air flow rate resulted in obvious effects on the reactions 
(Figures 3.2.19 - 3.2.22). When flow rate was increased from 
2.46 SLPM to 4.96 SLPM, the initial rate of formation of 
benzaldehyde, benzyl alcohol and benzoic acid all increased 
because there was a higher concentration of oxygen per unit 
volume of air per unit time entering the system. Therefore, 
reactions 3.1.2, 3.1.4 and 3.1.10 became more efficient in 
producing the chain propagating peroxy radicals. 
No significant effect was observed towards the latter 
half of the benzaldehyde and benzyl alcohol formation profiles 
when the air flow rate was increased presumably because their 
formations were mainly determined by the catalytic effect of 
cobalt. Thus, their final yields remained unchanged at 2.6% 
and 1.3% respectively for benzaldehyde and benzyl alcohol. 
For benzoic acid, the yield increased from 47 一 60% because 
reactions 3.1.1, 3.1.12, 3.1.15, 3.1.16 and/or 3.2.13 were 
favourable at the higher flow rate. 
FR=2.4 6SLPM FR=4.9 6SLPM 
Benzaldehyde^ 2.6 2.7 
Benzyl alcohol% 1.3 1.25 
Benzoic acid% 47 60 
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2.5.3.3 Silver-catalyzed Air Oxidation of Toluene 
V 
The oxidation was carried out at four different 
temperatures as shown in Figures 3.3.1 - 3.3.3. For all three 
products, there was a clear jump in yield, i.e., the initial 
formation profiles of the products were much higher, at the 
two high temperature (190° and 205°C) experiments (benzaldehyde 
= 2 . 3 一 2.5%, benzyl alcohol = 1.15 一 1.25% and benzoic acid = 
3.5 - 4%). However, there was no significant changes in the 
final yield (2.3%) of benzaldehyde. Detectable differences 
were observed for benzyl alcohol (Figure 3.3.3) . In general, 
the rate increased as temperature increased from 150°C to 205°C 
and the final yield (0.8 - 1.3%) increased throughout the 
temperature range. For benzoic acid formation (Figure 3.3.2), 
increasing temperature increased both the rate and the final 
yield (2.5 - 9%) of the products. The final yield of each 
product was lower compared to that of the uncatalyzed air 
i f 
oxidation of toluene with the exception of benzaldehyde which 丨 
remained relatively constant. This may well be because the 
concentration of silver employed in this oxidation run was in i 
the inhibitor range. Thus, silver catalyst concentration ！ 
optimization experiments at higher temperatures were ‘ 
investigated. The results are given in Figures 3.3.4 一 3.3.6. 
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[Benzaidehyde] (w/w %) 
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o.ol ‘ ‘ ^ , 
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——T=150G + T=17CC + T=190C 冬 T=205C 
Fig, 3.3.1 Benzaldehyde Formation Profile for the Silver-
catalyzed Oxidation of Toluene at 2.46SLPH, [Ag]=50ppm and 
differen七、七empera七ure (a) ISO'^C, (b) 170°C, (c) 19 0°C and (d) 
205°C 
[Benzoic acid] (w/w %) 
1 2 “ “ 
10- . n 
1 
〇 2 4 6 8 
Time (hr) 
——丁=150C T=170C T=190C T=205C 
F i g . 3.3.2 Benzoic acid Formation Profile for the Silver-
catalyzed Oxidation of Toluene at 2.46SLPM, [Ag]二50ppm and 
different temperature (a) 150°C, (b) 170°C, (c) 190°C and (d) 
205°C 
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Fig. 3.3.3 Benzyl alcohol Formation Profile for the Silver-
catalyzed Oxidation of Toluene at 2.46SLPM, [Ag] =:50ppin. and 
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Fig. 3.3.4 Benzaldehyde Formation Profile for the Silver-
catalyzed Oxidation of Toluene at 200°G, 2.46SLPM and different 
[Ag] (a) 5ppm, (b) lOppm, (c) 20ppm and (e) 40ppm 
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[Benzoic acid] (vv/w%) 
25 — 
、 
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Tirro (hr) 
— 5 p p m lOppm 20ppm 40ppm 
Fig. 3.3.5 Benzoic acid Formation Profile for the Silver-
catalyzed Oxidation of Toluene at 200。C, 2.4 6SLPM and different 
[Ag] (a) 5ppm, (b) lOppm, (c) 2Oppm and (e) 4Oppm 
[Benziyl alcohol] (w/w%) 
2.5 I — — “ 
0.5 f ! 
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Fig. 3,3.6 Benzyl alcohol Formation Profile for the Silver-
catalyzed Oxidation of Toluene at 200°C, 2.46SLPM and different 
[Ag] -(a) Sppm, (b) lOppm, (c) 20ppni and (e) 4Oppm 
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150°C 205°C 
Benzaldehyde^^^% 1.7 2.5 
Benzyl 0.7 1.25 
Benzoic 1.8 4 
B e n z a l d e h y d e ^ . 2 . 1 2.3 
Benzyl 0.8 1.3 
Benzoic acicifi。ai冬 2.5 9 
From the data in Figures 3.3.4 - 3.3.6, it is immediately 
clear that silver showed similar catalyst-inhibitor 
characteristics to those found in the cobalt catalyst 
oxidation system. The optimum concentration for silver was 
much lower at 10 - 20 ppm Ag as compared to those of cobalt 
which was at 40 一 50 ppm Co. When the silver concentration 
increased from 5 ppm to 2 0 ppm at 200°C, the final yields of 
benzaldehyde increased from 2.5 一 3.3% and the benzyl alcohol 
increased from 1.4 - 2%. This was followed by a decrease of 
0.7% and 0.45% respectively for the aldehyde and the alcohol 
when the silver concentration further increased from 20 ppm to 
40 ppm. For the case of benzoic acid, the final yield 
increased ( 1 0 - 18.5%) in the range of 5' ppm to 10 ppm and ； 
decreased (18.5 - 8%) in the range of 10 ppm to 40 ppm. 
Sppm lOppm 2Oppm 4Oppm 
Benzaldehyde冬 2 . 5 —— 3 . 3 2.6 
Benzyl alcohol% 1.4 —— 2.0 1.55 
Benzoic acid% 10 18.5 —— 8 
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Based on these results and the empirical trends observed, 
we concluded that 
(i) the reaction pathways for the silver-catalyzed 
oxidation were similar to those for the cobalt-
catalyzed oxidation of toluene whereby the 
Co(工工）/Co(III) was replaced by the Ag(I)/Ag(工工） 
redox couple and, 
(ii) the optimum concentrations condition for cobalt and 
silver are 50 ppm and 10 ppm respectively and the 
optimum temperature for the reaction is 200°C. 
Under industrial approach, it was m o r e applicable to 
compare the catalytic activities of cobalt and silver at their 
respective optimum concentration ([Co] =50ppin, [Ag] =10ppin) 
towards air oxidation of toluene at 200°C. From the results 
i 
shown in Figures 3.3.7 — 3.3.9, it was found that the initial ^ 
rate of formation of benzaldehyde, benzyl alcohol and benzoic 
acid in the Ag-catalyzed system was nearly the same as that in ) 
the Co-catalyzed system. Based on the higher redox potential : 
of the Ag(工工）/Ag(I) couple (Table 1.1), i.e., a stronger ‘ 
oxidizing agent than Co(工工I), a faster initial rate of product 
formation was anticipated but this was n o t observed probably 
because of the disproportionation reaction of Ag(II) to form 
Ag(I) and Ag(工工I) reversibly according to reaction 3 • 3 • l3」2, 
3 . 1 3 
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[Senialdehyda] (w/w %] 4 — — 
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F i g . 3.3.7 Benzaldehyde Formation Profile for the Metal-
catalyzed Oxidation of Toluene at 200°C and 2.46SLPM using 
different metal (a) [Co]=50ppm (b) [Ag]二lOppm 
[Benzoic acid] (w/w %] 60 I 
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Fig. 3.3.8 Benzoic acid Formation Profile for the Metal-
catalyzed Oxidation of Toluene at 2 0 0°G and 2.4 6SLPM using 
different metal (a) [Co]=5 0ppra (t)) [Ag]=10ppiu 
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[Benzyl alcohol] (w /w %] 
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Fig. 3.3.9 Benzyl alcohol Formation Profile for the Metal-
catalyzed Oxidation of Toluene at 200°G and 2.46SLPM using 
different metal (a) [Co]=50ppm (b) [Ag]=:10ppm 
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2 A g (工工）〒二 =二 > Ag(I) + Ag(工工工） E。二 -O.IV (3.3.1) 
、 
The formation of ArCH〗 was suppressed indirectly by reaction 
3.3.1 and no significant increase in the initial rate of 
formation of products was observed. 
As shown in Figures 3.3.7 and 3.3.9, it was observed that 
the concentrations of benzaldehyde and benzyl alcohol began to 
drop at 0.33 and 0.17 hour respectively after the start of the 
reaction in the Co-catalyzed system. In the Ag-catalyzed 
system, their respective concentrations began to drop at 0.5 
and 0.25 hour. The slower decomposition of the benzaldehyde ！ 
(reaction 3.3.2) and benzyl alcohol (reaction 3.3.3) in the 
latter system can be rationalized by the competing pathway 
involving reactions 3.3.1 一 3.3.4. 
ArCHO + Ag(工工） 〉Ar6〇 + Ag(I) + H+ (3.3.2) 
ArCHzOH + Ag(工工） > ArCHOH + Ag(I) + H+ (3.3.3) 
ArCHzOgH + Ag(工工） > ArCHzCy + Ag(I) + H+ (3.3.4) 
1 
The higher the concentration of Ag in the system and ： 
under higher temperatures, reaction 3.3.1 was more favoured 
therefore leading to poor catalytic properties. 
In the second part of the reaction profile, it was seen 
that the limiting concentration of benzoic acid in the Co-
catalyzed system was higher than that in the Ag-catalyzed 
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system because Co(II) is a stronger reducing agent than A g ( I ) . 
Coupled with the action of reaction 3.3.1, reactions 3.3.5 and 
3.3.6 became highly favourable compared to reactions 3.3.7 and 
3.3.8. 
ArCHOHO?. + Co(11) > ArCOOH + Co(III)OH (3.3.5) 
ArCOjH + Co(II) > A r C C y + Co (III) OH (3.3.6) 
ArCHOHO?. + Ag(I) > ArCOOH + Ag ( 工 工 ） 0 H (3.3.7) 
ArCOjH + Ag(I) > ArC02 . + Ag(工工）0H (3.3.8) 
This proposal also rationalized the higher limiting 
concentration of benzaldehyde in the Ag-catalyzed system t h a n ？ 
that in the Co-catalyzed system as less benzaldehyde was ‘ 
converted to benzoic acid. 
The formation of benzyl alcohol (Figure 3.3.9) in the 
second part of the reaction profile in the Co-catalyzed system 
was more favourable than that in the Ag-catalyzed system 
because reaction 3.3.9 was more favourable than reaction 
3.3.10. I 
t 
2 ArCHzCy + Co (工工） > ArCHO + " 
ArCHzOH + Co(工工1)02 (3.3.9) 
2 ArCHzOz- + Ag(I) > ArCHO + 
ArCHzOH + Ag(工工）02 (3.3.10) 
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3.4 Cobalt-Silver Co-catalyzed Air Oxidation of Toluene 
V 
At the optimum concentration of cobalt (50 ppm) and at 
150。C, the effect of co-catalytic behaviour was investigated. 
As shown in Figures 3.4.1 一 3.4.4, the rate of formation of 
benzaldehyde, benzyl alcohol and benzoic acid and their final 
yields decrease when different concentration of silver (25, 50 
and 100 ppm) was added to the cobalt-catalyzed oxidation 
system. In general, the effect of silver towards the yield 
was not sensitive to the variation in the amount of silver 
added (i.e. 25 - 100 ppm) to the catalytic system. Thus, when 
a 
25 to 100 ppm silver was added, the yield of benzaldehyde . ’ 
varied from 2.1 — 2.3% (ave. 2.2%) whereas that for benzyl 
alcohol ranged from 1.3 -1.5% (1.4%) and 18 一 19% (18.5%) for 
benzoic acid. However, there was a large effect on the yields 
on all three products when the average yields due to the 
effect of silver are compared to the case where the oxidation ‘ 
was catalyzed by [Co]=50 ppm alone. The largest decreases in 
the yields were observed for benzoic acid (a drop from 30% to 
18.5%) and benzaldehyde (3% to 2.2%), amounting to average i 
decreases of 40%, and 30% respectively. The effect towards the ； 
yield of benzyl alcohol was somewhat less dramatic (1.6% to ‘ 
1.4%, a decrease of 15%). 
「Col=50ppin 「Aq 1=5 Oppm 
Benzaldehyde冬 3 2.2 
Benzyl alcohol% 1.6 1 . 4 
Benzoic acid% 30 18.5 
106 
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via 3 4 1 Benzaldehyde Formation P r o f i l e for the C o b a l t - -
S i ? ; e ^ c ; - c a L l y z e a o L d a t i o n of Toluene at 150。C, 2 4 6SLPK and 
d i f f e r e n t [ C o i a A g ] (a) 5 0 : 0 , (b) 50 : 2 5 ' (c) 50 : 50 , (a) 5 0 : 1 0 0 
and (e) 0 : 5 0 
[Benzoic acid] (w /w %] 
40 I ‘ 
1 : 
ol V ^ : -
0 1 2 3 4 5 
Time (hr) 
Co:Ag=50:0 + Co:Ag=50:25 Ca:Ag=50:50 Co:Ag=50:100 
Co:Ag=0:50 
Fig, 3.4.2 Benzoic acid Formation Profile for the Cobalt-
Silver C o — c a t a l y z e d Oxidation of Toluene at 150°G, 2.46SLFK and 
different [Co]:[Ag] (a) 50:0, (b) 50:25, (c) 50:50, (d) 50:100 
and (e) 0:50 
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F i g . 3 . 4 . 3 Benzyl alcohol Formation Profile for the Cobal七一 ‘ 
Silver Co-catalyzed Oxidation of Toluene at 150°C, 2.4 6SLPK and 
different [Co]:[Ag] (a) 50:0, (b) 50:25, (c) 50:50, (d) 50:100 
and (e) 0:50 
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Fig. 3.4.4 Cobalt ( 工 工 ） F o r m a t i o n Profile for the Cobalt-
Silver Go-catalyzed Oxidation of Toluene at 150°C, 2.4 6SLPM and 
different [Co]:[Ag] (a) 50:0, (b) 50:25, (c) 50:50, (d) 50:100 
and (e) 0:50 
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Under a fixed concentration of cobalt/silver (50:10 ppm) 
at 200°C, the final yields of benzaldehyde, benzyl alcohol and 
benzoic acid increased compared to those at lower temperatures 
(150°C) as shown in Figures 3.4.5 一 3.4.7. Co(II) ions were 
regenerated after three hours and oscillating phenomenon were 
observed at 200°C (Figure 3.4.8). The temperature effect on 
CO-catalyzed system is similar to that in independent cobalt 
or silver catalyzed systems. 
150°C 200°C 
Benzaldehyde冬 2.1 3.1 
Benzyl alcohol% 1.6 1.2 
Benzoic acid宅 19 41 
As shown in Figures 3.4.9 - 3.4.11, no general trend with 
[Co]/[Ag] ratio was observed on the final yields of 
» 
benzaldehyde and benzyl alcohol at 200°C and with optimum 
cobalt concentration at 50 ppm. The ratio [Co]/[Ag] = 50:10 
(ppm) lied between the 50:20 and 50:50 ratios in effectiveness 
for benzaldehyde and benzyl alcohol production, but seemed to 
be the most effective for benzoic acid production. The 
oscillating phenomenon of Co(工工)/Co(工工I) couples was still ‘ 
observed (Figure 3.4.12). The catalyst-inhibitor conversion 
range is bracketed between 10 - 20 ppm for the yields of all 
the targeted products with 10 ppm as the optimum silver 
concentration for benzoic acid production. 
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Fig. 3.4.5 Benzaldehyde Formation Profile for the Cobalt-
Silver Co-catalyzed Oxidation of Toluene at 2.4 6SLPM, 
[Co] : [Ag] 二 50 : lOppm and different temperature (a) and (b) 
200°G 
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Fig, 3.4.6 Benzoic acid Formation Profile for the Cobalt-
Silver Go-catalyzed Oxidation of Toluene at 2.46SLPM, 
[Ag] 二 50:10ppm and different temperature (a) 150°C and (b) 
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Fig. 3.4.7 Benzyl alcohol Formation Profile for the Cobalt-
Silver Co-catalyzed Oxidation of Toluene at 2.46SLPM, 
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Fig. 3.4.8 Cobalt (II) Formation Profile for the Cobalt-
Silver Co-catalyzed Oxidation of Toluene at 2.46SLPM, 
[Co]:[Ag]二50:lOppm and different temperature (a)150°C and (b) 
200°G 
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Fig. 3.4.9 Benzaldehyde Formation Profile for, the Cobalt-
Silver Co-catalyzed Oxidation of Toluene at 2.46SLPM and 
different [Co] : [Ag] (a) 50 : 10/200°C, (b) 50 : 20/200°G and (c) 
50 : 50/205°C 
[Be门zoic acid] ( w / w %} 
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Fig. 3.4.10 Benzoic acid Formation Profile for the Cobalt-
Silver Co-catalyzed Oxidation of Toluene at 2.46SLPM and 
different [Go] : [Ag] (a) 50 : 10/200°C, (b) 50 :20/200°C and (c) 
50 : 50/205°C 
112 
[Benzyl alcohol] (w/w %) 
、 2.0 
1.。- f / ^ . 
。.梦 
〇.〇! - J ’ ‘ 0 2 4 6 3 
Time (hr) 
——Co:Ag=o0:10 — ^ Co:Ag=50:20 Co:Ag=oO:oO 
Fig. 3.4.11 Benzyl alcohol Formation Profile for the Cobalt-
Silver Co-catalyzed Oxidation of Toluene at 2.46SLPM and 
different [Co] : [Ag] (a) 50 : 10/200°G, (b) 50 :20/200°G and (c) 
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Fig. 3.4.12 Cobalt ( 工 工 ） F o r m a t i o n Profile for the Cobalt-
Silver Go-catalyzed Oxidation of Toluene at 2.46SLPM and 
different [Co] : [Ag] (a) 50 : 10/200°C, (b) 50 :20/200°G and (c) 
50 : 50/205°C 
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50: 10 50:20 50： 50 (7Col:「Aql) 
Benzaldehyde% 2.6 2.2 2.7 
Benzyl alcohol% 1.25 1.1 1.7 
Benzoic acid% 45 42 40 
To summarize, these results suggest that for the range of 
catalyst concentration investigated, cobalt was a better 
catalyst compared to silver in the oxidation process for the 
production of benzaldehyde, benzyl alcohol and benzoic acid. 
Since there was competition between cobalt and silver for the 
intermediates to produce products, the catalytic activity 
responsible for the formation of benzoic acid was reduced by 
the addition of silver to the cobalt-catalyzed system. By 
choosing a suitable retention time (3 hr), silver gave an 
obvious inhibiting effect in benzoic acid production but the 
production of benzaldehyde and benzyl alcohol was unaffected 
in the cobalt-silver co-catalyzed system (Figure 3.4.13). 
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Fig. 3.4.13 Concentrations of Benzaldehyde, Benzyl alcohol 
and Benzoic acid for the Cobalt-Silver Oxidation of Toluene at 
2.4 6SLPM and Retention Time of Three Hour in the Reactor under 
different [Co]:[Ag] (a) 50:0/200°C, (b) 50:10/200°C, (c) 
50:20/200°C and (d) 50:50/205°C 
115 
3.5 Industrial Applications 
For the purpose of making comparison with industrial 
conditions, the material balance presented in this section is 
based on a three-hour conversion yield of benzaldehyde, benzyl 
alcohol and benzoic acid in tons/day based on a normal 
industrial tower type reactor capable of holding 40,00 0 
gallons. Corresponding retention times (reactor mass 
discharged from the reactor) of 1, 1.5, 2, 2.5 and 3 hours 
(after the beginning of reaction) under different experimental 
conditions are listed below in order to determine the optimum 
conditions for the oxidation process. The toluene attack is 
based on the weight percentage of toluene being converted into 
the desired products (benzaldehyde, benzyl alcohol and benzoic 
acid) at the retention time. 
The material balance for the air oxidation of toluene in 
the absence of catalysts is summarized in Schemes A and B. 
The yields of benzaldehyde, benzyl alcohol and benzoic acid 
are only 26, 21 and 3 2 tons/day respectively with toluene 
attack at 6% at 150°C. When the temperature is increased to 
200。C and with toluene attack at 14%, the yields of ‘ 
benzaldehyde and benzoic acid increase marginally to 29, and 
127 tons/day respectively whereas that of benzyl alcohol 
decreases slightly to 19 tons/day. The oxidation process is 
not efficient under uncatalyzed conditions even at higher 
temperatures. 
116 
In the following Schemes, BALD, BALC, BACI, FTOL, RT〇L, 
、Co, Ag and RT represent benzaldehyde, benzyl alcohol, benzoic 
acid, fresh toluene, recycled toluene, cobalt acetate, silver 
acetate and retention time respectively. 
Scheme A 
REACTOR 
— > — B A L D = 2 6 tons/day 
02=708 L/day —>——Conditions: 
T二150OC — > — BALC=21 tons/day 
FTOL=79 tons/day — > — P=40psig • 
FR=2.4 6SLPM ： 
RT=3hr — > — BACI=3 2 tons/day > 
RTOL=1164 tons/day 、‘ 
Scheme B 
REACTOR 
— > — B A L D = 2 9 tons/day 
〇2=708 L/day ——〉一 Condi七ions : 
T二2 00°C — > — BALC=19 tons/day 
FT0L=175 tons/day — > — P=12 0psig 
FR=2.4 6SLPM —, • 
RT二3hr — > — BACI=127 tons/day 
> 1— 
RTOL=1068 tons/day 、‘ 
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Under the normal operation of an industrial plant for the 
、 production of benzaldehyde, benzyl alcohol and benzoic acid 
(mainly benzoic acid) by cobalt-catalyzed air oxidation of 
toluene, the experimental conditions and results are 
summarized in Scheme C. The conversion of toluene to 
benzaldehyde, benzyl alcohol and benzoic acid are found to be 
34, 18 and 357 tons/day respectively with the toluene attack 




•2=7 08 L/day — > — 
Conditions: 一>一 BALD=3 4 tons/day 
Co二8 • 64X10_2 ——>—T=150Oc 
tons/day P二4 0PSIG — > — BALC=18 tons/day 
FR=2.4 6SLPM 
; RT=3hr 
FTOL=4 09 tons/day — > — — > — BACI=357 tons/day 
> 
RTOL=8 3 4 tons/day v 
A number of improvements in the process operating 
conditions were established. At 200°C, relative to 150°C, it 
is found that at a toluene attack of 51%, the conversion yield 
(Scheme D) of benzoic acid increased greatly from 357 to 588 
tons/day (about 65%) with the yield of benzaldehyde and benzyl 
118 
alcohol decrease slightly from 34 to 30 tons/day (about 12%) 
and from 18 to 16 tons/day (about 12%) respectively, based on 
a three-hour retention time and a [Co] = 50 ppm. 
Scheme D 
REACTOR 
•2二708 L/day — > — 
Conditions: — > — B A L D = 3 0 tons/day 
C O = 1 . 3 4 x l 0 - 1 —> — T = 2 0 0 ° C 
tons/day P二120PSIG — > — BALC=16 tons/day 
FR=2.4 6SLPM 
RT=3hr 
FT0L=634 tons/day —>— 一 > — BACI=588 tons/day 
> 
RTOL=609 tons/day 、‘ 
Since the energy supply unit (Dowtherm) operated by m o s t 
Dow plants built in the sixties normally operate at about 
2 3 0°C, the energy cost in increasing temperature from 150°C to 
200°C will not increase drastically. In addition, no plant 
modification is required in order to operate the reactor u n d e r 
the conditions shown in Scheme D. Thus, increased profit is 
anticipated when the process is operated at 200°C, the higher 
energy cost can easily be compensated by the sale of the 
products. 
Additional improvement to the high temperature process 
• • - ' • -- _ 
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described above can be achieved by operating the process with 
V 
a lower reactor retention time of 1.5 一 2.5 hour. This will 
give a toluene attack of 30 to 42% with higher yields of 
benzaldehyde, benzyl alcohol and benzoic acid at 200°C as shown 
in Scheme E. 
Scheme E 
REACTOR 
•2=7 08 L/day — > — 
Conditions: — > — B A L D = 6 3 tons/day 
Co=l. 56x10"'' — > — T=2 00°C 
tons/day P=120PSIG — > — BALC=3 2 tons/day 
FR=2.4 6SLPM 
RT=1.5hr 
FTOL=7 3 7 tons/day — > — — > — BACI=642 tons/day 
^ 1 I I 
〉 
RTOL=174 8 tons/day 、‘ 
Still further improvement of the high temperature 
processes can be obtained by lowering the cobalt content and 
recycling time to 10 ppm and 1.5 hour respectively under 200°C 
(Scheme F)• The yields of benzaldehyde, benzyl alcohol and 
benzoic acid further increased to 85 (about 150%), 45 (about . 
150%) and 654 (about 83%) tons/day with toluene attack at 32%. 
The cost of catalyst is reduced by a factor of 5. With 10 ppm 
catalyst in the process, the demand on the cobalt recovery 
process (extraction by hot water) at the end of distillation 
operation is alleviated and can be shut down if warranted. 
The small amount of cobalt can be treated easily by the 
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biodegradable process already in place, thus simplifying the 
process. 
When the air flow rate is increased from 2.46 SLPM to 
4.96 SLPM, with toluene attack at 38% (Scheme G) and recycling 
time further shortened to 1 hr at 2 00°C, the yields of benzoic 
acid increase further by a factor of 2 to 1296 tons/day (263% 
increase compared to Scheme C). Since air is free, no 
additional material cost is inflicted on the process. The 
extra operating cost in extra pumping is possibly be overcome 
by the increase in sale of benzoic acid. By altering the 
retention time of the reaction mixture in the reactor from 1 
to 3 hour (Schemes G and H), the relative and overall yields 
of the products can be controlled (altered). 
Scheme F 
REACTOR 
•2=708 L/day — > — 
Conditions: — > — BALD=85 tons/day 
Co=3 .31x10"^ — > — T=2 00°C 
tons/day P=120PSIG — > — BALC=4 5 tons/day , 
FR=2.4 6SLPM — 
RT二 1.5hr — 
FTOL=784 tons/day —>— —>一 BACI=654 tons/day 
> 
RTOL=1702 tons/day v 




02=1428 L/day — > — 
Conditions: — > — BALD=8 7 tons/day 
Co=3 . 02x10"'' 一〉一 T二2〇〇oc 
tons/day P二120PSIG —>— BALC=4 5 tons/day 
FR=4.9 6SLPM 」 
RT=lhr 
FTOL=14 28 tons/day — > — ——>——BAC工二1296 tons/day 
> 
RTOL=2 299 tons/day V 
Scheme H 
REACTOR 
〇2二1428 L/day — > — 
Conditions: — > — BALD=3 4 tons/day 
Co=1.58xl0-i — > — T=2 00°C 
tons/day P=120PSIG — > — BALC=16 tons/day 
FR=4.9 6SLPM 
RT=3hr 
FT0L=748 tons/day — > — — > — BACI=698 tons/day 
〉 
RTOL=49 6 tons/day n^ 
I * 
When cobalt (50 ppm) is replaced by silver (10 ppm) as 
catalyst, it is found that little process improvement is 
obtained at 200°C. However, if the toluene attack decreases 
from 33% (normal operation for cobalt, Scheme C) to 20%, the 
yields of benzaldehyde, benzyl alcohol and benzoic acid can 
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increase to 94 (176%), 63 (250%) and 580 (62%) tons/day 
respectively (Scheme I). However, its high cost has made it 
less ideal as an industrial catalyst for the toluene oxidation 
process unless the sale of the products can outweigh the 
additional catalyst cost. 
Under the cobalt-silver co-catalyzed system (Scheme J ) , 
i.e. T = 200°C, [Co] = 50 ppm and [Ag] = 50 ppm, the yields of 
benzaldehyde, benzyl alcohol and benzoic acid increase by 32% 
(to 45), 78% (to 32) and 64% (to 586 tons/day) respectively 
with toluene attack at 36% and retention time of 2 hours 
(compared to Scheme C). By controlling the relative 
concentration of cobalt to silver (Scheme K) the relative 




•2=7 08 L/day — > — 
： Conditions: — > — BALD=94 tons/day 
Ag=l. 14x10"^ — > — T=2 00°C —— 
tons/day P=120PSIG — > — BALC=63 tons/day 
FR=2.4 6SLPM 
RT=lhr 
FTOL=73 7 tons/day —>一 — > — BACI=580 tons/day 
> 





•2=708 L/day — > — 
Conditions: — > — B A L D = 4 5 tons/day 
Co=l. 40x10-1 — > — T=2 00°C 
tons/day P二12 0PSIG — > — BALC二32 tons/day 
FR=2.4 6SLPM 
RT=2hr 
Ag=5.13x10'^ — > — — > — BACI=58 6 tons/day 
tons/day 
FTOL二663 tons/day — > — 
> 
RTOL=12 01 tons/day V 
Scheme K 
REACTOR 
02=7 08 L/day — > — 
Conditions: — > — BALD=4 2 tons/day 
Co=1.31xl0-i — > — T=2 00°C 
tons/day P=120PSIG — > — BALC=22 tons/day 
FR=2.4 6SLPM 
RT=2hr 
Ag=9. 60x10-3 一 > — — > — Baci=556 tons/day 
tons/day 
FTOL=62 0 tons/day — > — 
〉 
RTOL=1244 tons/day V 
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In general, the relative yields of benzaldehyde, benzyl 
、 alcohol and benzoic acid can be controlled by controlling 
temperature (and hence pressure), flow rate (and hence oxygen 
content), cobalt/silver relative concentrations and retention 
time of reaction mixture in the reactor. Consequently, the 
process of metal catalyzed air oxidation of toluene can be 
highly improved, as shown under the conditions described in 
Scheme G where the optimum yields are: benzaldehyde (87 





In conclusion, the metal catalyzed air oxidation of 
toluene process for the production of benzaldehyde, benzyl 
alcohol and benzoic acid is shown to be highly dependent upon 
such factors as temperature, pressure, air flow rate (oxygen 
content), type of catalyst and its concentration. The process 
is not economically feasible in the absence of catalyst, even 
if operating the reactor at 200°C. 
When cobalt acetate is used as the catalyst at 
[Co]=50ppm, it improves the process by increasing the yield of 
benzoic acid particularly at higher temperatures. However, 
the yield of benzaldehyde increases only moderately, and there 
is a slight loss of benzyl alcohol. 
Cobalt shows catalyst-inhibitor characteristics. The 
optimum catalytic effect was determined to be 50 ppm giving 
the highest yield for benzoic acid. This characteristic 
becomes more obvious at higher temperatures. 
When temperature is low (150°C) , the effects of air flow 
rate on the process are insignificant. However, higher air 
flow rate (4.96 SLPM) improves the process by increasing the 
yield of benzoic acid at 200°C. No convincing improvement in 
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the yields of benzaldehyde and benzyl alcohol is observed. 
Silver acetate also catalyzes the oxidation process, 
especially at higher temperature (200°C) . It also shows 
catalyst—inhibitor characteristics analogous to cobalt, with 
optimum catalytic concentration at 10 ppm. When compared with 
cobalt, silver has a better catalytic effect on aldehyde 
production but poorer catalytic effect on acid formation. 
Consequently, cobalt gives a higher toluene attack level than 
silver. 
In the cobalt-silver co-catalyzed system, it is 
established that the yield of benzoic acid is altered by 
varying the ratio of [Co]/[Ag] . At 200°C, when the 
concentration of Co is maintained at 50 ppm, the acid yield is 
decreased by increasing the silver concentration beyond lOppm. 
No systematic trend is observed governing the yield of 
benzaldehyde and benzyl alcohol. Their respective yields are 
independent of the catalyst employed. 
From a chemistry perspective, although no obvious 
improvement was made in the yields of both benzaldehyde and 
benzyl alcohol under either single cobalt/silver catalyzed or 
cobalt-silver co-catalyzed system, both the yield of benzoic 
acid and toluene attack level increased greatly at the higher 
temperature of 200。C. However, the yields of benzaldehyde and 
benzyl alcohol can be increased by reducing the retention time 
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of the reaction mixture in the reactor, provided that the 
y 
required toluene attack can reach a minimum conversion level 
of 20% to ensure that the reaction proceeds economically. 
Thus, by choosing an optimum reactor retention time, the 
process can be improved to give an optimum overall yield in 
all three products. 
Some alternatives are proposed based on the trial 
experiments carried out in this thesis. In all cases, metal 
catalyzed air oxidation process remains an essential feature. 
Shorter reactor retention times, higher oxygen partial 
pressures in combination with higher temperatures constitute 
the improvements that could be made to the process without 
major capital investment for additional plant equipments. As 
was stated in Section 1.3, this was a major consideration in 
planning our experiments. In addition, the following factors 
also weighed heavily in arriving at the Proposed Alternative 
Flowsheets 1 and 2: 
(i) process modification by changing temperature and 
pressure conditions ultimately alters the energy 
cost due to increase amount of energy consumption by 
additional fuel burning, 
(ii) catalyst cost in the event of co-catalytic oxidation 
proves suitable and 
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(iii) ecological problem handling due to discharge of 
‘ spent (unrecoverable) catalyst to the environment. 
We also like to point out that the quantity of toluene 
required to be recycled would be less in a tower type reactor 
since there is a much larger head space available in the 
reactor compared to the reactor employed here. Also important 
to note is that, by increasing the yield of benzoic acid, w e 
have also increased the production capacity of phenol which is 
manufactured via the high temperature (T = 220°C) catalytic 
decarboxylation of benzoic acid. The reactor material balance 
under normal plant operation condition is shown once again 
here for convenience. 
Normal Plant Operation 
REACTOR 
•2=708 L/day 一 > — 
Conditions: — > — BALD=3 4 tons/day 
Co=8. 64x10"^ 一>一 T=150Oc 
tons/day P=40PSIG — > — BALC=18 tons/day 
^ FR=2.4 6SLPM — 
RT二3hr 
FTOL=409 tons/day —>一 一 > — BAC工二357 tons/day 
> 
RT0I>=83 4 tons/day V 
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Proposed Alternative 1 is designed to target for the 
V 
flexible production of benzoic acid only. By running the 
reaction at 200°C and varying the air flow rate, the yield of 
benzoic acid is either maxiinized or controlled. 
Proposed Alternative Flowsheet 1 
REACTOR 
•2=1428 L/day — > — 
Conditions: —>一 BALD=3 4 tons/day 
Co=l. 58x10''' — > — T二 2 00。。 
tons/day P二12 0PSIG — > — BALC=16 tons/day 
FR二4.96SLPM 
RT=3hr 
FT〇L=748 tons/day 一 > — — > — BACI=698 tons/day 
> 
RTOL=49 6 tons/day v 
In the silver catalyzed oxidation of toluene, silver has 
shown an obvious inhibiting effect in the production of 
benzoic acid whereas the production of benzaldehyde and benzyl 
alcohol is unaffected. This special property made possible a 
flexible process which can be optimized, depending on the 
market demand, for the production of benzaldehyde, benzyl 
alcohol but at the same time controlled the production of 
benzoic acid, based on a cobalt-silver co-catalyzed system. 
This is accomplished by running the reaction at 200°C and 
4.9 6SLPM in the presence of cobalt at SOppm level and varying 
the concentration of silver as well as the retention time of 
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the reaction mixture in the reactor. This concept is 
、illustrated in Proposed Alternative 2. 
Proposed Alternative Flowsheet 2 
REACTOR 
〇2=1428 L/day — > — 
Conditions: — > — BALD^87 tons/day 
C〇=3 • 02x10-1 — > — T=200Oc 
tons/day P二 120PSIG — > — BALC;:4 5 tons/day 
FR=4.9 6SLPM 
： ~ RT=lhr 
Ag= varying — > — — > — BACIS12 9 6 tons/day 
concentration 
FTOL<14 2 8 tons/day 一 > — 
> 
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APPENDIX I 
A-工 Computer Program for HP3396A Integrator 
1 0 0 0 D I M F I N A $ ( 3 0 ) 
1 0 1 0 P R I N T T A B ( 1 0 ) / " H P 3 3 9 6 A i n t e g r a t o r c o n t r o l l i n g p r o g r a m " 
1 0 2 0 D I M D A $ ( 1 0 0 0 ) 
1 0 3 0 S T $ = C H R $ ( 2 7 ) + " C "： E N $ = C H R $ ( 1 3 ) + C H R $ ( 1 0 ) 
1 0 4 0 K E Y O F F : F O R 工二1 T O 1 0 : K E Y 工,""：NEXT 工 
1 0 5 0 O P E N " C O M 1 : 9 6 0 0 , N , 8 , 2 " A S # 1 
1 0 6 0 C L S : P R I N T : P R I N T : P R I N T : P R I N T 
1 0 7 0 P R I N T T A B ( 1 5 ) / " 1 L O A D F I L E F R O M H P 3 3 9 6 A " 
1 0 8 0 P R I N T T A B ( 1 5 )； " 2 S E N D F I L E T O H P 3 3 9 6 A " 
1 0 9 0 P R I N T T A B ( 1 5 )； " 3 T E R M I N A L O F H P 3 3 9 6 A " 
1 1 0 0 P R I N T T A B ( 1 5 )； " 4 D I S K D I R E C T O R Y O F P C " 
1 1 1 0 P R I N T T A B ( 1 5 )； " 5 E X I T " 
1 1 2 0 P R I N T T A B ( 1 5 ) ; :工 N P U T " T Y P E IN Y O U R CHOICE:丨'，C:PRINT 
1 1 3 0 I F C = 1 T H E N G O S U B 1 2 3 0 : G O S U B 1 4 6 0 : G O S U B 1 3 2 0 
1 1 4 0 I F C二2 T H E N G O S U B 1 2 3 0 : G O S U B 1 7 5 0 : G O S U B 1 3 2 0 
1 1 5 0 I F C二3 T H E N G O S U B 2 0 3 0 
1 1 6 0 I F C = 4 T H E N C L S : S H E L L " D I R / P L O C A T E 2 3 , 1 : G O S U B 2 0 0 0 
1 1 7 0 I F C = 5 T H E N G O T O 2 7 8 0 
1 1 8 0 CIL〇SE#1:G〇T〇 1 0 5 0 
1 1 9 0 I N P U T H O S T $： G O S U B 1 2 0 0 : G O T O 1 1 9 0 
1 2 0 0 P R I N T # 1 , S T $ + H〇 S T $ + E N $ / : I N P U T # 1 , H P $ 
1 2 1 0 R E M : ? H〇 S T $ : P R I N T H P $ 
1 2 2 0 R E T U R N 
1 2 3 0 H〇ST$="A;RRQ" :G〇SUB 1 2 0 0 
1 2 4 0 H〇S T $ = " A R P R 1〇 0 " :.G〇SUB 1 2 0 0 
12 5 0 R E T U R N 
1 2 6 0 H O S T $ = " A R R Q " : G O S U B 1 2 0 0 
1 2 7 0 P R I N T : P R I N T :工 N P U T " S u p p r e s s p r i n t i n g i n H P 3 3 9 6 A ( Y / N )”; N $ 
1 2 8 0 I F = O R = T H E N H〇5T$ = " A R P R 4 0 0 " E L S E H〇 S T $ = " A R P R 3 〇0" 
1 2 9 0 G O S U B 1 2 0 0 
1 3 0 0 I F L E F T $ ( H P $ , 2 )二 " K R " T H E N H〇ST $ = " K R C〇"： G O S U B 120〇：G〇T〇 1 3 0 0 
1 3 1 0 R E T U R N 
1 3 2 0 H O S T $ = " A R R Q " : G O S U B 1 2 0 0 
1 3 3 0 H〇S T $ = " A R P R〇 0 0 " •• G O S U B 1 2 0 0 
1 3 4 0 R E T U R N 
1 3 5 0 L = L E N ( H K $ ) 
1 3 6 0 0 U $ = " " 
1 3 7 0 F O R 1 = 1 T〇 L : C = A S C ( M I D $ ( H K $ , I , 1 ) ) 
1 3 8 0 D 1二工 N T ( C / 1 6 ) : D 2二 C - I N T ( C / 1 6 ) * 1 6 
1 3 9 0 I F D l > 9 T H E N Dl;$二CHR$ ( D l - 1 0 + 6 5 ) E L S E D l $二 C H R $ (Dl + 4 8 ) 
1 4 0 0 I F D 2 > 9 T H E N D 2 $ = C H R $ ( D 2 - 1 0 + 6 5 ) E L S E D 2 $二 C H R $ ( D 2 + 4 8 ) 
1 4 1 0 0 U $ =〇 U $ + D 1 $ + D 2 $ 
1 4 2 0 N E X T 工：〇U$二〇U$+"〇D" 
1 4 3 0 H〇ST$=":RKRQ" : G O S U B 1 2 0 0 
1 4 4 0 H 0 S T $ = " R K P R " 4 - 0 U $ : G O S U B 1 2 0 0 
1 4 5 0 R E T U R N 
1 4 6 0 I C〇 U N T = 0 
1 4 6 1 I C O U N T二工 C〇 U N T + 1 : P R I N T " F I : L E ("; I C O U N T / : I N P U T " ) T O B E L O A D 
F R O M H P 3 39 6 : " , F I N A $ ( I C〇 U N T ) 
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1 4 6 2 I F F I N A $ ( I C O U N T ) < > " " A N D I C〇 U N T < = 2 0 G O T O 1 4 6 1 
、 1 4 6 3 工 C〇 U N T = I C〇 U N T — 1 : I F I C〇 U N T = 0 T H E N R E T U R N 
1 4 6 5 F O R I F I L E 二 1 T〇工 C O U N T 
1 4 6 6 F F $ = F I N A $ ( I F I L E ) 
1 4 7 0 H K $ = " C O P Y M : " + F F $ + " H : " + F F $ : G O S U B 1 3 5 0 
1 4 8 0 I F H P $ < > " C R R Q " G O T O 1 7 1 0 
1490 H〇ST$="CRC〇"：G〇SUB 1200 
1 5 0 0 I F L E F T $ ( H P $ , 4 ) < > " C R P R " G O T O 1 7 1 0 
1 5 1 0 L F工二 L E N ( H P $ ) : 二 R I G H T $ ( H P $ , L F I - 4 ) 
1 5 2 0 H〇ST$ = i«CREN»i :G〇SUB 1 2 0 0 
1 5 3 0 I F L E F T $ ( H P $ , 1 ) < > " 0 " T H E N G O T O 1 7 1 0 
1540 FC$=MID$(HP$,2,1) 
1550 H〇ST$="〇"+FC$+"C〇"：G〇SUB 1200 
1560 H〇ST$="〇"+FC$+"EN":G〇SUB 1200 
1 5 7 0 I F L E F T $ ( H P $ , 1 ) < > " W " G O T O 1 7 2 0 
1 5 8 0 P R I N T : PRINT’’READING ” ； F F $ 
1 5 9 0 工 = 1 
1600 HOST$ = "W"-f-FC$-r"CO" :GOSUB 1200 
1 6 1 0 I F M I D $ ( H P $ , 3 , 2 ) = " P R " T H E N L D A = L E N ( H P $ ) - 4： 
D A $ ( I ) = R I G H T $ ( H P $ , ] L D A ) : I = I + 1:G〇T〇 1 6 0 0 E L S E 工二工一 1 
1 6 2 0 H O S T $ = "W"-fFC$ + " E N " ： G O S U B 1 2 0 0 
1630 H〇ST$二"C"+FC$+"C〇"：G〇SUB 1200 
1640 H〇ST$="C"+FC$+"EN":G〇SUB 1200 
1 6 5 0 O P E N F F $ F O R O U T P U T A S # 2 
1 6 6 0 P R I N T # 2 , I 
1670 FOR T〇 I:PRINT#2,DA$(10 :NEXT L 
1 6 8 0 C L〇S E # 2 
- 1 6 8 5 N E X T I F I L E 
1690 PRINT: PRINT'iREADYi :G〇SUB 2000 
1 7 0 0 R E T U R N 
1 7 1 0 P R I N T : P R I N T " E R R〇 R I N R E T R I E V I N G " ； F F $ : G O S U B 2 0 0 0 : R E T U R N 
1720 H〇ST$="C"+FC$+"C〇"：G〇SUB 1200 
1 7 3 0 H O S T $ = "C"-fFC$-f " E N " : G O S U B 1 2 0 0 
1 7 4 0 G O T O 1 7 1 0 
1 7 5 0 工C〇UNT=0 
1 7 5 1 I C〇 U N T = I C〇 U N T + l : P R I N T " F i r ^ E ( " ,•工COUNT,•：工NPUT") 
T O B E S E N D T O H P 3 3 9 6 : " , F I N A $ ( I C O U N T ) 
1 7 5 2 I F F I N A $ ( I C O U N T ) < > " " A N D I C O U N T < = 2 0 T H E N G O T O 1 7 5 1 
1 7 5 3 工 C O U N T二 I C〇 U N T — 1 : I F 工COUNT二0 T H E N R E T U R N 
1 7 5 5 F O R I F I L E 二 1 T〇工 C O U N T 
1 7 5 6 F F $ = F I N A $ ( I F I L E ) 
1 7 7 0 O N E R R O R G O T O 1 9 5 1 : O P E N F F $ F O R I N P U T A S #2:〇N E R R O R G O T O 0 
1 7 8 0 工 N P U T # 2 , . 工 
1790 FOR L=1 TO 工：工NPUT#2 , DA$ ( L ) N E X T L 
1 8 0 0 C L 0 S E # 2 
1 8 0 1 H K $ = "C〇PY H : 【 ， + F F $ + " M : " + F F $ : G O S U B 1 3 5 0 
1 8 1 0 I F L E F T $ ( H P $ , 1 ) < > " 〇 " T H E N G O T O 1 9 6 0 
1 8 2 0 F C $ = M I D $ ( H P $ , 2 , 1 ) 
1830 H〇ST$="〇"+FC$+"C〇"：G〇SUB 1200 
1840 H〇ST$="〇"+FC$+"EN":G〇SUB 1200 
1 3 5 0 I F L E F T $ ( H P $ , 1 ) < > " R " G O T O 1 9 7 0 
1 3 6 0 P R I N T : P R I N T ' ' S E N D I N G “ ； F F $ 
1 8 7 0 F O R L二 1 T 〇工 
1880 H〇ST$="R"+FC$+"PR"+DA$(L):G〇SUB 1200 
1390 IF MID$(HP$,3,2)<〉"C〇" GOTO I960 
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、1900 N E X T L 
1 9 1 0 H〇 S T $ = " R " + F C $ + " E N " : G〇S U B 1 2 0 0 
1 9 2 0 H〇ST $ = " C " + F C $ + " C〇"： G〇S U B 1 2 0 0 
1 9 3 0 H〇 S T $ = " C " + F C $ + " E N " : G O S U B 1 2 0 0 
1 9 3 5 N E X T I F I L E 
1 9 4 0 P R I N T : P R I N T M R E A D Y !丨 "： G〇S U B 2 0 0 0 
1 9 5 0 R E T U R N 
1 9 5 1 P R I N T " E R R〇 R IN O P E N I N G “；FF$;“ IN P C " : R E S U M E 1 9 5 2 
1 9 5 2 G O S U B 2 0 0 0 : R E T U R N 
1 9 6 0 P R I N T " E R R O R I N S E N D I N G “； F F $ : G O S U B 2 0 0 0 : R E T U R N 
1 9 7 0 H〇ST$="C"+FC$十"C〇"：G〇SUB 1 2 0 0 
1 9 8 0 H 0 S T $ = " C " + F C $ 4 - " E N " : G O S U B 1 2 0 0 
1 9 9 0 G O T O 1 9 6 0 
2 0 0 0 L O C A T E 2 5 , 1 :工 N P U T " T Y P E E N T E R T O C O N T I N U E " , D $ : R E T U R N 
2 0 1 0 G O S U B 1 2 6 0 ‘ 
2 0 2 _ ^ G O S U B 2 0 3 0 
2 03T~GOSUB 1260 
2 0 4 0 C L S : L O C A T E 2 5 , 1 : P R I N T " C t r 1 - X : r e t u r n S : s u p p r e s s p r i n t i n g 
e n t e r : a f t e r A N C : b r e a k a t H P 3 3 9 6 A " ; 
“2050 L O C A T E 1 , 1 : P R I N T T A B ( 2 0 )； " T e r m i n a l o f H P 3 3 9 6 A i n t e g r a t o r " : 
P R I N T " # " . 
. 2 0 6 0 K $ = I:NKEY‘：IF K $ = "" G O T O 2 0 6 0 
2 0 7 0 L E N G T H = L E N ( K $ ) 
2 0 8 0 IF L E N G T H = 2 G O T O 2 2 4 0 
2 0 9 0 K二 A S C ( K $ ) 
2 1 0 0 I F K二10 T H E N P R I N T " [ C t r l — e n t e r ] " ; : G〇T〇 2 5 7 0 
2 1 1 0 I F K = 1 9 G O T O 2 0 3 0 . 
2 1 2 0 I F K二24 T H E N G O T O 2 6 0 0 
2 1 3 0 IF K〉二32 A N D K < = 1 2 2 T H E N 〇 U $ = K $ : G O T O 2 5 0 0 
2 1 4 0 I F K = 1 T H E N S C $ = " [ C t r l — A ] " :〇 U $二 K $ : G O T O 2 5 0 0 
2 1 5 0 IF K二11 T H E N S C $ = " [ c t r 1 - K ] " :〇 U $ = K $ : G O T O 2 5 0 0 
2 1 6 0 I F K = i 2 T H E N S C $ = " [ C t r l — L ] " :〇 U $ = K $ : G〇T〇 2 5 0 0 
2 1 7 0 I F K = 1 8 - T H E N S C $ = " [ c t r 1 — R ] " :〇 U $ = K $ : G〇T〇 2 5 0 0 
2 1 8 0 IF K = 2 2 T H E N S C $ = " f c t r " : 〇 U $ 二 K $ : G O T O 2 5 0 0 
2 1 9 0 I F K = 3 T H E N S C $ = " [ b r e a k ] "••〇U$二CHR$ ( & H 5 D ) : G O T O 2 5 0 0 
2 2 0 0 I F K二13 T H E N O U $ = K $ : G O T O 2 5 0 0 
2 2 1 0 IF K = 2 7 T H E N S C $ = " [ e s c ] " :〇 U $ = K $ : G〇T〇 2 5 0 0 
2 2 2 0 I F K = 8 T H E N S C $ = " [ b k s p ] " :〇 U $ = K $ : G O T O 2 5 0 0 
2 2 3 0 G O T O 2 0 3 0 
2 2 4 0 K = A S C ( R I G H T S ( K $ , 1 ) ) 
2250 IF K二59 THEN 〇U$二CHR$(&HE1):GOTO 2500 
2260 IF K二60 THEN 〇U$二CHR$(&HE2):GOTO 2500 
2270 IF K=61 THEN 〇U$=CHR$丨&HE3j:GOTO 2500 
2280 IF K=62 THEN 〇U$二CHR$(&HE4):GOTO 2500 
2290 IF K=63 THEN OU$=CHR$(&HE5):G〇T〇 2500 
2300 IF K=64 THEN OU$=CHR$丨&HE6i:GOTO 2500 
2310 IF K=65 THEN OU$=CHR$(&HE7):G〇T〇 2500 
2320 IF K=66 THEN 〇U$=CHR$(&HE8):GOTO 2500 
2330 IF K二67 THEN 〇U$=CHR$(&HE9):GOTO 2500 
2 3 4 0 I F K二68 THEN 〇U$=CHR$ (ScHEA) : G〇T〇 2 5 0 0 
2 3 5 0 I F K = 8 4 T H E N 〇 U $二 C H R $ ^ & H F O ) : G O T O 2 5 0 0 
2 3 6 0 IF K二85 T H E N .〇U$=CHR$ ( & H F 1 ) : G O T O 2 5 0 0 
2 3 7 0 'IF K二86 T H E N 〇U$二CHR$ ( & H F 2 ) •• G O T O 2 5 0 0 
2 3 8 0 IF K = 8 7 T H E N 〇 U $ = C H R $ ( & H F 3 ) : G〇T〇 2 5 0 0 
2 3 9 0 I F K = S 8 T H E N OU.$=CHR$ ( & H F 4 ) : G O T O 2 5 0 0 
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2400 IF K=89 THEN 〇U$=CHR$(&HF5):G〇T〇 2500 
<2410 IF K=9 0 THEN 〇U$二CHR$(&HF6):GOTO 2500 
2420 I F K = 9 1 THEN OU$=CHR$^&HF7 j :G〇T〇 2 5 0 0 
2430 IF K=92 THEN 〇U$=CHR$丨&HF8j :G〇T〇 2500 
2440 IF K=9 3 THEN 〇U$二CHR$(&HF9):GOTO 2500 
2450 IF K=71 THEN SC$="START ":〇U$二CHR$(&HEC):GOTO 2500 
2460 IF K=79 THEN SC$="STOP ":0U$二CHR$(&HEB):G〇T〇 2500 
2470 IF K=73 THEN 〇U$=CHR$(&HED):GOTO 2500 
2480 IF K=81 THEN O U $ = C H R $ — E E J : G O T O 2500 
2 4 9 0 G O T O 2 0 6 0 
2 5 0 0 C = A S C (〇 U $ ) : P R I N T S C $ ; 
2 5 1 0 D 1 二工 N T ( C / 1 6 ) : D 2 = C - I N T (C/1<5) * 1 6 
2 5 2 0 I F D l > 9 T H E N D 1 $ = C H R $ ( 0 1 - 1 0 + 6 5 ) E L S E D 1 $ = C H R $ ( D l + 4 8 ) 
2 5 3 0 I F D 2 > 9 T H E N D 2 $ = C H R $ ( D 2 - 1 0 + 65) E L S E D 2 $ = C H R $ (D24-48 ) 
2 5 4 0 〇 U $ = D 1 $ + D 2 $ 
2 5 5 0 G O S U B 2 6 1 0 
2 5 6 0 I F C O & H E B T H E N G O T O 2 5 8 0 
2 5 7 0 O U $ = " O D " : G O S U B 2 6 1 0 : 
I F R I G H T $ ( S S $ , 1 ) < > " # " A N D 工 N K E Y $ <〉 C H R $ ( 1 0 ) G O T O 2 5 7 0 
2 5 8 0 I F C二 & H 5 D T H E N R E T U R N , 
2 5 9 0 G O T O 2 0 6 0 • 
2 6 0 0 G O S U B 13 2 0 : R E T U R N 
2 6 1 0 H O S T $ = " R K R Q " : G O S U B 1 2 0 0 : G O S U B 2 6 4 0 
2 6 2 0 H〇ST$ = '»RKPR"+〇U$: G O S U B 1 2 0 0 : G〇S U B 2 6 4 0 
2 6 3 0 R E T U R N 
2 6 4 0 I F L E F T $ ( H P $ , 2 ) < > " K R " T H E N R E T U R N 
2 6 5 0 I F M I D $ ( H P $ , 3 , 2) O H P R " G O T O 2 7 7 0 
2 6 6 0 l e n g t h二 L : E N ( H P $ ) - 4 : P R $ = R I G H T $ ( H P $ , L E N G T H ) : S S $ = "" 
2 6 7 0 I F L E F T $ ( P R $ , 6 )二 " 2 0 2 0 1 7 " T H E N P R $ = M I D $ ( P R $ , 7 , 2 ) : L E N G T H = 2 
2 6 8 0 I F L E F T $ ( P R $ , 6 ) = " 0 2〇 D〇 A " T H E N S S $ = C H R $ ( 1 0 ) + " #”： G〇T〇 2 7 6 0 
2 6 9 0 I F M I D $ ( P R $ , 5 , 6 ) = " 0 2〇 D 0 A " T H E N S S $ = C H R $ ( 1 0 ) r G O T O 2 7 6 0 
2 7 0 0 F O R 工二1 T〇 L E N G T H S T E P 2 
2 7 1 0 D 1 = A S C ( M I D $ ( P R $ , I , 1 ) ) - 4 8 : D 2 = A S C ( M I D $ ( P R $ ,工 + 1 , 1) ) - 4 8 
2 7 2 0 I ? D l > 9 T H E N D 1二 D l - 7 
2 7 3 0 I F D 2 > 9 T H E N D 2 = D 2 - 7 
2 7 4 0 D 1 = D 1 * 1 6 + D 2 : I F ( D l > = 3 2 A N D D l < = 1 2 2 ) O R D l = 1 0 
T H E N S S $ = S S $ + C H R $ ( D l ) 
2 7 5 0 N E X T 工 
2 7 6 0 P R I N T S S $ ; 
2 7 7 0 H〇ST$ = i『KRC〇"：GOSUB 12〇〇：G〇T〇 2 6 4 0 




Raw Data for Experimental Runs 
In the following tables, 
BALD/% 一 concentration of benzaldehyde (w/w%) 
BALC/% 一 concentration of benzyl alcohol (w/w%) 
BACI/% - concentration of benzoic acid (w/w%) 
BACE/% 一 concentration of benzyl acetate (w/w%) 
BBEN/% 一 concentration of benzyl benzoate (w/w%) 
Co(工工）/ppm - concentration of cobalt ( 工 工 ） （ p p m ) 
Table A-II.l 
Experimental Data For Run #1 
Conditions: T=150°C P=40psig IF=2•lOSLPM 
Oxidant二air 
Time/hr BALD/% BALC/% BACI/绘 BBEN/% 
0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 
0.50 0.11 0.09 0.05 0.00 
1.00 1.59 1.27 1.12 0.00 
1.50 1.83 1.47 1.75 0.00 
2.00 1.80 1.54 2.07 0.00 
2 . 50 1.85 1.81 2.88 0.04 
3 . 00 1.83 1.90 3.34 0.07 
3.50 1.80 1.96 3.69 0.09 
4.00 1.90 2.12 4.40 0.13 
4.50 1.94 2.14 4.75 0.16 
5.00 1.92 2.09 4.61 0.16 
5.50 1.89 2.00 4.61 0.17 
6.00 1.95 2.06 4.53 0.19 
6.50 1.97 1.99 4.58 0.18 
7.00 1.97 2.00 4.82 0.20 
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Table A-工工.2 
Experimental Data For Run #2 
Conditions: T二150°C P二40 psig IF=2.28SLPM 
Oxidant=air 
Time/hr BALD/% BALC/% BACI/冬 BBEN/% 
0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 
0.50 0.17 0.08 0.00 0. 00 
1.00 1.28 0.98 0.75 0.00 
1.50 1.78 1.40 2.11 0.00 
2.00 2.04 1.74 3.75 0.04 
2.50 2.49 2.18 5.90 0.12 
3.00 2.58 2.24 7.20 0.16 
3.50 2.52 2.24 7.85 0.18 
4.00 2.36 2.00 7.15 0.19 
4.50 2.39 2.00 7.09 0.21 
5. 00 2 .29 1.88 7. 14 0.22 
5.50 2.40 1.93 7.54 0.25 
6.00 2.75 2.06 7.86 0.31 
Table A-II.3 
Experimental Data For Run #3 
Conditions: T=150°C, P=40psig, IF=2.46SLPM 
Oxidant=air 
Time/hr BALD/% BALC/% BACI/毛 BBEN/% 
0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 
0.50 0.03 0.00 0.00 0.00 
1.00 0. 14 0. 03 0. 00 0. 00 
1.50 0.36 0.13 0.00 0.00 
2.00 1.42 1.00 0.84 0.00 
2.50 1.86 1.42 1.86 0.00 
3.00 2.11 1.66 2.53 0.00 
3.50 2.00 1.76 2.94 0.04 
4.00 1.93 1.82 3.68 0.06 
4.50 2.15 2.11 4.85 0.11 
5.00 2.20 2.19 5.18 0.12 
5.50 2.02 2.03 5.06 0.14 
6.00 2.22 2.20 5.91 --
6.50 2.25 2.16 5.60 0.18 
7 . 0 0 2 . 2 9 2 . 1 3 5 . 6 2 0 . 1 9 
7 . 5 0 2 . 2 1 2 . 0 7 5.60 0 . 2 0 
8.00 2 . 1 8 2 . 0 5 5 . 7 7 0 . 2 2 
8.05 2.10 1.92 5.38 0.22 
9 . 0 0 2 . 2 8 2 . 0 5 6 . 3 0 一-
9.50 2.30 2.02 6.11 0.26 




Experimental Data For Run #4 
Conditions: T=200°C P=120psig IF二2.46SLPM 
Oxidant二air 
Time/hr BALD/% BALC/% BACI/绘 BBEN/% 
0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 
0.25 1.49 1.49 1.02 0.00 
0.50 1.78 1.75 1.93 0.04 
0.75 2.02 1.89 3.30 0.09 
1.00 2.18 1.92 4.11 0.14 
1.25 2.23 1.76 4.76 0.18 
1.50 2.32 1.83 6.02 0.25 
1.75 2.39 1.73 6.67 0.30 
2.00 2.40 1.64 7.11 0.38 
2.50 2.34 1.52 8.56 0.54 
3.00 2.30 1.53 10.21 0.72 
3.50 2.25 1.4 6 10.13 0.85 
4.00 2.17 1.41 10.79 1.00 
4.50 2.24 1.42 11.42 1.14 
5.00 2.21 1.38 11.09 1.16 
5.50 2.16 1.28 11.23 1.35 
6.00 2.13 1.22 11.30 1.47 
6.50 2.15 1.16 11.27 - 一 
7.00 2.15 1.16 11.96 1.66 
Table A-I1.5 
Experimental Data For Run #5 
Conditions: T=150°C P=40psig IF=2.46SLPM 
Oxidant=air [Co] =10ppin 
T i m e / h r B A L D / % B A L C / % B A C I / % B A C E / % B B E N / % C o ( I I ) / p ^ 
0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 2 . 0 0 
0.08 0.25 0.37 0.08 0.00 0.00 0.00 
0.17 0.53 0.70 0.16 0.00 0.00 0.00 
0.33 1.29 1.31 0.80 0.00 0.00 0.00 
0.50 2.00 1.49 2.62 0.00 0.00 2.33 
0.75 2.42 0.91 6.27 0.08 0.07 9.67 
1.00 2.15 0.83 9.09 0.12 0.11 4.33 
1.25 2.23 0.99 11.81 0.16 0.12 0.00 
1.50 2.13 1.05 14.03 0.18 0.15 0.00 
1 . 7 5 2 . 3 8 1 . 0 7 1 4 . 2 5 0 . 2 0 0 . 1 3 0 . 0 0 
2.00 2.42 1.11 15.19 0.22 0.14 0.00 
2.50 2.46 1.17 15.61 0.24 0.17 0.00 
3.00 2.35 1.10 15.27 0.23 0.18 0.00 
3 . 5 0 2.48 1.16 16.97 0.26 0.21 0.00 




Experimental Data For Run #2 0 
Conditions: T=200°C P=120psig IF=2.46SLPM 
Oxidant=air [Co]=5Oppm 
T i m e / h r B A L D / % B A L C / % B A C I / 毛 B A C E / % B B E N / % C o ( I I ) / p“ 
0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 
0.25 0 . 8 5 0.96 0.26 0.00 0.00 4.67 
0.50 2.03 1.40 1.88 0.00 0.00 10.67 
0.75 2.53 0.81 5.14 0.07 0.05 13.33 
1.00 2.70 0.54 8.77 0.14 0.12 17.33 
1 . 2 5 2 . 9 7 0 . 7 7 1 6 . 0 6 一一 0 . 2 2 8 . 3 2 
1.50 2.79 1.10 19.61 0.26 0.26 0.00 
1.75 2.65 1.19 20.82 0.26 0.27 0.00 
2 . 0 0 2 . 4 8 1 . 0 9 2 0 . 3 9 0 . 2 7 一一 0 . 0 0 
2 . 2 5 3 . 0 1 1 . 3 1 2 4 . 3 3 —— 一- 0 . 0 0 
2.50 2.61 1.10 21.62 0.28 0.29 0.00 
2.75 2.46 1.10 20.47 0.27 0.28 0.00 
3.00 2.71 1.17 22.88 0.30 0.31 0.00 
Table A-I1.7 
Experimental Data For Run #7 
Conditions: T=150°C P二40psig IF=2.46SLPM 
Oxidant=air [Co]=25ppm 
T i m e / h r B A L D / % BALC/% B A C I /毛 B A C E / % BBEN/%Co(工工）/p“ 
0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 
0.50 1.40 1.30 1.07 0.00 0.00 6.67 
0.75 2.40 1.15 3.86 0.00 0.00 11.33 
1.00 2.61 0.53 7.35 0.10 0.08 17.33 
1.25 2.73 0.44 12.49 0.15 0.15 24.86 
1.50 2.93 0.51 18.30 0.22 0.26 5.32 
1 . 7 5 2 . 5 8 0 . 7 1 21.85 0 . 2 5 0.31 5 . 1 3 
2.00 2.37 -0.89 23.74 0.26 0.34 0.00 
2.25 2.99 1.43 33.58 0.34 0.45 0.00 
2.50 3.15 1.55 37.12 -- 0.49 0.00 




Experimental Data For Run #8 
Conditions: T=150°C P=40psig IF=2.46SLPM 
Oxidant二air [Co] =50ppin 
T i m e / h r B A L D / % B A L C / % B A C I / % B A C E / % B B E N / % C o ( I I ) / p“ 
0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 1 . 6 7 
0.25 0.94 1.02 0.29 0.00 0.00 3.67 
0.50 2.25 1.27 2.37 0.00 0.00 32.33 
0.75 2.96 0.56 5.60 0.09 0.08 45.67 
1.00 2.47 0.43 9.39 0.13 0.14 47.67 
1 . 2 5 2 . 4 8 0 . 7 3 1 5 . 3 5 一- 一- 3 4 . 6 5 
1.50 3.28 0. 97 19. 69 —— —— 28. 19 
1.75 2.94 1. 04 20.67 —— —— 19.40 
2.00 2.67 1.13 21.19 0.25 0.23 13.23 
2 . 2 5 3 . 0 2 1 . 3 5 2 7 . 0 4 -一 - - 1 2 . 0 0 
2 . 5 0 2.79 1.35 25.92 一一 一- 9.50 
2 . 7 5 2 . 9 9 1 . 5 6 2 9 . 0 6 -- 0 . 2 8 4 . 5 3 
3 . 0 0 2 . 7 7 1 . 4 3 2 8 . 7 1 一一 —— 0 . 0 0 
3.25 2 . 9 4 1.51 30.66 一一 一一 0 . 0 0 
3 . 5 0 2 . 9 4 1 . 5 0 3 0 . 0 7 一一 一一 0 . 0 0 
Table A-II.9 
Experimental Data For Run #9 
Conditions: T=150°C P=40psig IF=2.46SLPM 
Oxidant=air [Co] =7 5ppin 
T i m e / h r B A L D / % B A L C / % B A C I / 绘 B A C E / % B B E N / % C o ( I I ) / p ^ 
0.00 0.00 0.00 0.00 0.00 0.00 1.00 
0.25 1.24 1.35 0. 53 0. 00 0. 00 4. 67 
0.50 2.45 0.86 3.00 0.00 0.00 67.00 
0.75 2.48 0.62 6.08 0.12 0.12 69.30 
1.00 2.65 0.83 9.67 0.19 0.15 59.30 
1.25 2.91 0.99 14.49 —— —— 54.35 
1 . 5 0 2 . 9 0 1 . 0 2 1 8 . 3 5 一- - - 4 5 . 9 2 
1 . 7 5 3 . 0 7 1 . 1 0 2 1 . 2 5 一- 一- 3 4 . 7 2 
2 . 0 0 3 . 1 6 1 . 1 8 2 4 . 6 9 一一 - - 3 6 . 0 4 
2.25 2.91 1.13 23.23 0.25 -- 36.27 
2 . 5 0 2 . 8 1 1 . 1 5 2 5 . 4 8 一一 一- 2 6 . 9 2 
2.75 2.73 1.17 25.49 -- — 19.40 
3.00 2.72 1.22 24.79 -- -- 30.49 
3 . 2 5 3.02 1 . 4 1 3 1 . 8 9 一- 一- 22.18 
3 .50 2 . 65 1.31 29.00 —— —— 20.00 
3 . 7 5 2 . 5 6 1 . 3 5 2 9 . 1 3 — 一- 1 4 . 4 4 
4 . 0 0 2 . 7 9 1 . 5 5 3 2 . 3 9 - - 一 2 4 . 9 5 
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Table A-II.IO 
j 、 Experimental Data For Run #10 
I Conditions: T=150°C P=40psig IF=2.46SLPM 
Oxidant=air [Co] =100ppin 
T i m e / h r B A L D / % B A L C / % B A C I /毛 B A C E / % B B E N / % C o (工工） / p“ 
0.00 0.00 0.00 0.00 0.00 0.00 1. 67 
0.25 0.86 0.99 0.34 0.00 0.00 2.33 
0.50 1.85 1.03 1.95 0.00 0.00 56.67 
0.75 2.37 0.35 4.96 0.07 0.07 74.00 
1.00 2.13 0.35 8.00 0.11 0.14 83.67 
1.25 2.54 0.59 14.06 0.16 0.21 70.81 
1.50 2.50 0.70 17.41 0.18 0.00 72.33 
1.75 2.46 0.74 19.79 -- 0.23 58.67 
2.00 2.19 0.75 19.47 —— 0.20 55.86 
2 . 2 5 2 . 4 4 0 . 8 6 2 2 . 5 1 —— 一- 3 7 . 7 4 
2.50 2.23 0.87 22.79 —— 0.21 36.23 
2.75 2.16 0.83 22.99 0.18 0.20 38.53 
3.00 2.51 1.06 29.72 0.23 0.22 37.29 
Table A-II.11 
Experimental Data For Run #11 
Conditions: T=150°C P二40psig IF二2.46SLPM 
Oxidant=air [Co]=15ppm 
T i m e / h r B A L D / % B A L C / % B A C I / 冬 B A C E / % B B E N / % C o ( I I ) 
0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 
0.08 0.28 0.37 0.00 0.00 0.00 1.33 
0.25 1.04 1.14 0.37 0.00 0.00 5.33 
0.75 2.58 0.74 5.68 0.06 0.06 16.00 
1.00 2.54 0.47 8.72 0.15 0.13 14.00 
1.25 2.87 0.57 14.92 0.25 0.24 13 . 18 
1.50 2.68 0.87^ 20.30 0.29 0.32 3 . 03 
1.75 2.76 1.14 24.93 0.36 0.37 0.00 
2.00 2.65 1.22 . 24.90 0.36 0.36 0. 00 
2.25 2.71 1.21 24.29 0.37 0.32 0.00 
2.50 2.61 1.15 24.30 0.38 0.37 0.00 
2.75 2.70 1.19 25.52 0.39 0.39 0.00 






Experimental Data For Run #12 
Conditions: T=150°C P二40psig IF=2.28SLPM 
Oxidant二air [Co]=15ppm 
T i m e / h r B A L D / % B A L C / % B A C I / 绘 B A C E / % B B E N / % C o ( I I ) / p ^ 
0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 
0.08 0.27 0.34 0.00 0.00 0.00 0.67 
0.25 0.71 0.82 0.21 0.00 0.00 3.00 
0.50 1.68 1.19 1.54 0.00 0.00 5.33 
0.75 2.40 0.77 5.09 0.08 0.05 13.33 
1.00 2.18 0.43 7.54 0.13 0.10 13.67 
1 . 2 5 2 . 3 4 0 . 4 5 11.65 0.20 0 . 1 8 1 1 . 7 1 
1.50 2.51 0.77 18.42 0.28 0.30 0.00 
1.75 2.66 1.12 24 .09 0. 36 0.31 0.00 
2.00 2.50 1.15 22.61 0.35 0.35 0.00 
2.25 2.27 1.04 22.27 0.33 0.32 0.00 
2.50 2.68 1.22 26.76 0.40 0.34 0.00 
2.75 2.67 1.27 26.93 0.39 0.40 0.00 
3.00 2.48 1.12 24.55 0.3 9 0.34 0.00 
Table A-II.13 
Experimental Data For Run #13 
Conditions: T=150°C P二40psig IF=2.81SLPM 
Oxidant=air [Co]=15ppm 
T i m e / h r B A L D / % B A L C / % B A C i n B A C E / % B B E N / % C o ( 工 工 ） / p “ 
0.00 0.00 0.00 0.00 0.00 0.00 1.67 
0.25 0.91 0.96 0.31 0.00 0.00 1. 67 
0.50 1.99 1.29 2.23 0.00 0.00 4.33 
0.75 2.76 0.76 5.99 0.09 0.06 9.33 
1 . 0 0 2 . 8 2 0.47 10.90 0 . 1 5 - - 1 2 . 4 7 
1.25 2.99 0.72 17.88 0.16 0.15 13.33 
1 . 5 0 2 . 7 3 0 . 9 7 2 1 . 0 0 0 . 2 4 0.25 4.75 
1.75 2.60 1.12 22.49 0.27 0.28 0.00 
2.00 3.01 1.24 25.49 0.29 0.29 0.00 
2.25 2.86 1.29 25.35 0.34 0.34 0.00 
2.50 2.85 1.29 26.17 0.32 0.34 0.00 
2.75 2.64 1.15 24.57 0.32 0.32 0.00 
3.00 2.98 1.34 27.90 0.38 0.37 0.00 
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Table A-II.14 
Experimental Data For Run #14 
Conditions: T=195°C P二120psig IF=4.96SLPM 
Oxidant=air [Co]=50ppm 
T i m e / h r B A L D / % B A L C / % B A C I / 毛 B A C E / % ” B B E N / % C o d I ) / P“ 
0.00 0.00 0.00 0.00 0.00 0.00 5.00 
0. 08 1.42 1.15 0.89 0.00 0.00 16.67 
0.17 2.73 0.62 4.10 0.11 0.13 48.22 
0.33 2.13 0.38 9.86 0.20 0.41 42.33 
0.50 2.31 0.68 18.20 0.31 0.62 31.17 
0.75 2.24 1.04 27.75 0.33 0.63 8.10 
1.00 2.34 1.21 34.77 0.34 0.64 7.75 
1.25 2.38 1.21 39.07 0.35 0.63 14.14 
1.50 2.53 1.29 45.40 0.40 0.68 7.55 
1.75 2 . 30 1. 13 43 .36 一一 一 20.79 
2.00 2.58 1.23 51.21 0.42 0.69 10.00 
2.50 2.68 1.27 53.80 0.34 0.79 22.00 
3.00 2.70 1.28 56.14 0.36 0.90 11. 67 
3.50 2.53 1.19 52.80 0.36 0.90 17.89 
4.00 2.76 1.21 60.24 0.48 1.08 16.33 
Table 
Experimental Data For Run #15 
Conditions: T=170°C P=60psig IF=2.46SLPM 
Oxidant=air [Co] =10ppin 
T i m e / h r B A L D / % B A L C / % B A C I / 冬 B A C E / % B B E N / % C o ( I I ) / p ^ 
0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 2 . 0 0 
0.08 0.65 0.87 0.26 0.00 0.00 1.33 
0.25 1.58 1.37 1.47 0.04 0.00 2.00 
0.50 1.87 1.10 4.83 0.20 0.11 9.33 
0.75 2.10 1.50 9.21 0.35 0.21 6.77 
1.00 2.29 1.86 13.71 0.44 0.28 4.00 
1.25 2.45 1.78 15.13 0.47 0.31 0.00 
1.50 2.58 1.86 16.91 0.51 0.34 0.00 
1.75 2.52 1.76 15.88 0.51 0.34 0.00 
2.00 2.49 1.75 16.05 0.52 0.33 0.00 
2 . 5 0 2 . 9 2 1 . 9 3 1 8 . 5 6 0 . 6 2 0 . 4 0 0 . 0 0 
3.00 2.65 1.77 16.62 0.57 0.37 0.00 
3 . 5 0 2 . 7 0 1 . 7 3 1 6 . 3 8 0 . 5 9 0 . 3 9 0 . 0 0 
4.00 2.62 1.66 15.89 0.59 0.39 0.00 
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Table A-I1.16 
Experimental Data For Run #16 
Conditions: T=190°C P=100psig IF=2.46SLPM 
Oxidant=air [Co]=10ppra 
T i m e / h r B A L D / % B A L C / % B A C I / 宅 B A C E / % B B E N / % ~ C o ( I I ) / p ^ 
0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 
0.08 0. 69 0. 67 0.24 0. 00 0. 00 0. 00 
0.25 2.17 0.99 2.65 0.14 0.10 4.89 
0.50 1.89 0.85 6.18 0.30 0.29 6.44 
0.75 2.14 1.16 12.14 0.56 0.65 9.39 
1.00 2.04 1.44 13. 19 0.50 0. 57 0.00 
1.25 2.63 1.83 17.56 0.59 0.64 0.00 
1.50 2.90 1.96 17.79 —— —— 0.00 
1.75 2.73 1.76 17.24 0.58 0.65 0.00 
2 . 00 2.77 1.80 18.12 0.63 0.70 0.00 
2.50 2.89 1.80 17.90 0.60 0.69 0.00 
3.00 2.71 1.61 17.06 0.63 0.73 0.00 
3.50 3.29 1.88 20.41 一 一 —— 0.00 
4.00 2.97 1.64 19.20 0.72 0.89 0.00 
Table A-II.17 
Experimental Data For Run #17 
Conditions: T=200°C P=120psig IF=2.46SLPM 
Oxidant=air [Co]=10ppm 
T i m e / h r B A L D / % B A L C / % B A C I / 宅 B A C E / % B B E N / % C o (工工）/p"^ 
0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 4 . 0 0 
0.08 0.72 0.62 0.19 0.00 0.00 0.33 
0.17 1.77 0.86 1.05 0.08 0.00 4.00 
0.33 2.55 0.54 3.62 0.24 0.17 11.33 
0.50 2.32 0.54 6.47 0.36 0.30 12.33 
0.75 2.27 0.74 9.65 0.45 0.41 9.52 
1.00 2.58 1.08 13.37 0.54 0.47 6.22 
1.25 2.69 1.45 20.46 0.64 0.60 0.00 
1.50 3.40 1.81 26.31 0.85 0.80 0.01 
1.75 3.17 1.68 23.22 0.73 0.69 0.00 
2.00 2.95 1.49 21.22 0.67 0.71 0.00 
2.50 3.03 1.51 24.10 0.72 0.80 0.00 
3.00 2.82 1.43 21.03 0.67 0.79 0.00 
3 . 5 0 3 . 2 0 1 . 5 6 25.43 0 . 7 8 0 . 9 8 0,00 




Experimental Data For Run #18 
Conditions: T=200°C P二120psig IF=2.46SLPM 
〇xidant=air [Co] =2 0ppin 
T i m e / h r B A L D / % B A L C / % B A C I / 绘 B A C E / % B B E N / % C 〇 （ I I ) / p“ 
0.00 0.00 0.00 0.00 0.00 0.00 11.33 
0.08 0.63 0.65 0.18 0.0 0.00 11.33 
0.17 1.60 0.95 0.99 0.06 0.00 11.33 
0.33 2.42 0.60 3.08 0.20 0.12 13.33 
0.50 2.29 0.55 5.56 0.33 0.24 6.00 
0.75 2.31 0,94 11.76 0.54 0.51 3.18 
1.00 2.44 1.34 16.16 0.62 0.59 4.05 
1.25 2.66 1.63 20.76 0.66 0.68 7.00 
1.50 2.54 1.49 20.01 0.61 0.60 6.58 
1.75 2.64 1.48 20.68 0.63 0.67 10.35 
2.00 2.59 1.39 18.75 0.61 0.60 8.59 
2.50 2.86 1.42 20.87 0.68 0.74 15.17 
3.00 3.00 1.36 20.51 0.70 0.82 20.00 
3.50 2.89 1.38 20.32 0.69 0.86 14.67 
4.00 2.90 1.36 23.29 0.71 0.99 11.67 
Table A-工工.19 
Experimental Data For Run #19 
Condition: T=200°C P=120psig IF=2.46SLPM 
Oxidant=air [Co]=4 0ppm 
T i m e / h r B A L D / % B A L C / % B A C I / 毛 B A C E / % B B E N / % C o (工工） / p ^ 
0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 3 . 3 3 
0.08 0.96 0.72 0.34 0.05 0.00 4.00 
0.17 1.92 0.69 1.30 0.13 0.08 26.67 
0.33 2.60 0.29 3.81 0.28 0.30 28.67 
0.50 2.39 0.35 7.03 0.42 0.57 26.67 
0 . 7 5 2 . 6 4 0 . 6 1 1 2 . 8 3 0 . 6 1 0 . 9 2 6 . 5 3 
1.00 2.89 0.89 16.87 0.72 1.03 12.59 
1.25 2.60 1.21 21.47 0.71 1.08 3.00 
1.50 2.50 1.42 26.18 0.69 1.15 26.00 
1.75 2.56 1.52 31.08 0.68 1.18 12.83 
2.00 2.53 1.51 33.92 0.65 1.16 5.37 
2.50 2.32 1.32 37.23 0.56 1.08 4.75 
3.00 2.59 1.47 42.42 0.63 1.26 8.67 
3 . 5 0 2 . 7 6 1 . 4 4 4 4 . 2 8 0 . 5 8 1 . 4 0 1 6 . 6 1 




Experimental Data For Run #2 0 
Conditions: T=200°C P=120psig IF=2.46SLPM 
Oxidant=air [Co]=5Oppm 
T i m e / h r B A L D / % B A L C / % — B A C I / 绘 B A C E / % B B E N / % C o ( I I ) /ppm 
0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 6 . 6 7 
0.08 0.86 0.55 0.31 0.00 0.00 10.67 
0.17 1.86 0.56 1.12 0.12 0.09 14.00 
0.33 2.49 0.19 3.38 0.26 0.35 49.33 
0.50 2.38 0.20 6.48 0.37 0.72 50.67 
0.75 2.28 0.49 9.43 0.48 0.87 35.64 
1.00 2.58 0.77 16.43 0.60 1.09 14.47 
1.25 2.37 0.98 19.55 0.58 1.08 4.70 
1.50 2.53 1.29 25.85 0.63 1.13 13.46 
1.75 2.36 1.26 27.56 0.57 1.05 16.11 
2.00 2.52 1.48 35.61 0.60 1.16 6.71 
2.50 2.33 1.31 38.84 0.54 1.04 18.67 
3.00 2.38 1.30 47.31 0.52 1.08 13.67 
3.50 2.57 1.27 45.67. 0.52 1.07 7.55 
4.00 2.44 1.22 44.03 0.47 1.20 9.06 
Table A-II.21 
Experimental Data For Run #21 
Conditions: T=200°C P=120psig IF=2.46SLPM 
Oxidant=air [Co]=7 5ppm 
T i m e / h r B A L D / % B A L C / % B A C I / 冬 B A C E / % B B E N / % C o (工工） / p ^ 
0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 
0 . 0 8 0 . 7 8 0 . 5 4 0 . 2 6 0 . 0 4 0 . 0 0 0 . 6 7 
0 . 1 7 1 . 5 0 0 . 5 1 0 . 8 8 0 . 1 0 0 . 0 8 3 2 . 6 7 
0.33 2.15 0.21 2.85 0.23 0.31 42.00 
0.50 2.02 0.28 5.15 0.32 0.51 61.33 
0.75 2.33 0.43 10.09 0.48 0.83 42.82 
1. 00 2. 63 0.58.- 13.42 0.51 0.79 33.09 
1.25 2.15 0.84 18.64 0.51 0.90 15.03 
1.50 2.08 0.91 21.97 0.49 0.90 24.00 
L 7 5 2.12 1.01 27.33 0.50 0.91 8.28 
2.00 1.98 1.01 28.62 -- -- 6.21 
2.50 2.00 1.07 32.96 -- -- 19.25 
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Table A-I1.22 
Experimental Data For Run #2 2 
Conditions: T=200°C P二120psig IF二2.46SLPM 
Oxidant=air [Ag] =5ppin 
Time/hr BALD/% BALC/% BACI/% BACE/% BBEN/% 
0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 
0.08 0.92 0.82 0.40 0.00 0.00 
0. 17 1. 53 1. 12 0. 98 0. 00 0.00 
0.33 2.22 1.16 2.30 0.10 0.00 
0.50 2.30 1.00 3.36 0.13 0.00 
0.75 2.54 1.10 5.57 0.21 0.09 
1.00 2 . 57 1. 09 6.27 0.25 0. 12 
1.25 2.55 1.14 6.79 0.29 0.14 
1.50 2.47 1.16 7.26 0.30 0.17 
1.75 2.50 1.20 7.12 0.35 0.17 
2.00 2.46 1.25 7.77 0.38 0.21 
2.50 2.38 1.36 8.68 0.44 0.27 
3.00 2.43 1.43 9.14 0.50 0.33 
3.50 2.48 1.52 10.51 0. 58 0.43 
4.00 2.28 1.37 9.37 0.57 0.45 
4.50 2.35 1.44 10.03 0.64 0.52 
5.00 2.34 1.41 10.57 0.69 0. 65 
Table A-I1.23 
Experimental Data For Run #2 3 
Conditions: T=200°C P=120psig IF=2.46SLPM 
Oxidant=air [Ag]=10ppiti 
Time/hr BALD/% BALC/% BACI/毛 BACE/% BBEN/% 
0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 
0.07 0.96 0,95 0.37 0.00 0.00 
0.25 1.98 1.47 2.13 0.12 0.00 
0.50 2.14 1.29 5.87 0.31 0.18 
0.75 2.05 1.34 9.41 0.45 0.35 
1.00 2.53 1.70 15.57 0. 61 0.52 
1.25 2.40 1.52 13.86 0.52 0.46 
1.50 3.05 2.01 17.94 0.79 0.64 
1.75 2.63 1.58 15.81 0.61 0.61 
2 . 0 0 2 . 9 7 1 . 7 6 1 8 . 4 4 0 . 7 3 0 . 7 8 
2.50 2.75 1.47 17.03 0.67 0.78 
3 . 0 0 3 . 1 6 1 . 3 4 1 6 . 4 2 0 . 7 4 0 . 8 5 
3.50 3.08 1.39 18.10 0.76 0.97 
4.00 3.21 1.34 18.31 0.77 1.06 
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Table 
Experimental Data For Run #2 4 
Conditions: T=200°C P=12〇psig IF二2.46SLPM 
Oxidant=air [Ag]=20ppm 
Time/hr BALD/% BALC/% BACI/绘 BACE/% BBEN/% 
0 . 00 0 . 00 0 . 00 0 . 00 0 . 00 0 . 00 
0.08 0.83 0.74 0.27 0.00 0.00 
0.17 1.61 1.14 1.03 0.00 0.00 
0.33 2.09 1.07 2.47 0.06 0.00 
0.50 2.30 1.09 4.38 0.15 0.06 
0.75 2.87 1.36 6.15 0.22 0.10 
1.00 2.98 1.41 7.03 0.20 0.12 
1.25 3.45 1.69 8.46 0.34 0.17 
1.50 3.61 1.89 9.73 0.41 0.21 
1.75 3.39 1.89 9.52 0.42 0.24 
2.00 3.45 1.99 10.41 0.48 0.27 
2.50 3.41 2.00 11.59 0. 54 0.34 
3.00 3.36 2.05 12.00 0. 60 0.39 
3.50 3.13 1.87 11.39 0.59 0.39 
4.00 3 .25 2.03 12.96 0.71 0.54 
Table A-II.25 
Experimental Data For Run #25 
Conditions: T二200°C P=120psig IF=2.46SLPM 
Oxidant=air [Ag]=4 0ppm 
Time/hr BALD/% BALC/% BACI/冬 BACE/% BBEN/% 
0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 
0.08 0.75 0.59 0.22 0.00 0.00 
0.17 1.72 1.23 1.20 0.00 0.00 
0.33 2.38 1.38 2.83 0.11 0.00 
0.50 2.54 1.31 3.62 0.15 0.00 
0.75 2.64 . 1.36 4.53 0.21 0.06 
1.00 2.72 1.43 5.21 0.25 0.08 
1.25 2.71 1.48 5.73 0.30 0.10 
1.50 2.66 1.47 5.70 0.32 0.11 
1.75 2.62 1.42 5.76 0.36 0.13 
2.00 2.58 1.55 6.63 0.40 0.16 
2.50 2.55 1.55 6.60 0.46 0.18 
3 . 0 0 2 . 5 4 1 . 5 9 7 . 4 9 0.54 0.24 
3.50 2.58 1.58 7.44 0.60 0.27 
4.00 2.54 1.61 8.04 0.65 0.32 
4.50 2.57 1.57 8.13 0.71 0.35 
5 . 0 0 2 . 5 6 1.54 7.95 0 . 7 4 0 . 3 7 
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Table A-II.26 
Experimental Data For Run #26 
Conditions: T=205°C P=135psig IF=2.46SLPM 
〇xidant=aii: [Ag] =50ppin 
Time/hr BALD/% BALC/% BACI/毛 BACE/% BBEN/% 
0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 
0.25 1.74 1.15 1.41 0.08 0.00 
0.50 2.36 1.10 2.99 0.16 0.07 
0.75 2.51 1.08 3.99 0.21 0.10 
1.00 2.34 0.94 4.16 0.21 0.11 
1.25 2.51 1.12 5.27 0.28 0.14 
1.50 2.45 1.18 5.99 0.31 0.17 
1.75 2.55 1.30 6.92 0.36 0.20 
2.00 2.57 1.41 7.71 0.40 0.24 
2.50 2.53 1.46 8.13 0.44 0.28 
3.00 2.50 1.49 8.59 0.49 0.34 
3.50 2.35 1.41 8.38 0.50 0.38 
4.00 2.34 1.38 8.68 0.53 0.42 
4.50 2.41 1.41 9.16 0.58 0,48 
5.00 2.32 1.34 9.04 0.58 0.52 
5.50 2.17 1.25 8.42 0.57 0.53 
6.00 2.35 1.32 9.41 0.63 0.64 
Table A-I1.27 
Experimental Data For Run #2 7 
Conditions: T=150°C P=40psig IF=2.46SLPM 
Oxidant=air [Ag]=5Oppm 
Time/hr BALD/% BALC/% BACI/毛 BACE/% BBEN/% 
0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 
0 . 2 5 0 . 4 7 0 . 4 9 0 . 1 2 0.00 0.00 
0. 50 1.23 0.86 0.62 0.00 0.00 
0.75 1.71 0.96 1.50 0.00 0.00 
1.00 1.77 0.86 1.78 0 . 0 5 0.00 
1.25 1.92 0.87 2.15 0.05 0.00 
1.50 1.88 0.83 2.32 0.08 0.00 
1 . 7 5 1 . 8 8 0.82 2 . 2 8 0 . 0 8 0.00 
2.00 1.94 0.83 2.33 0.09 0.00 
2.50 1.77 0.76 2.18 0.09 0.00 
3.00 1.88 0.80 2.38 0.09 0.00 
3.50 1.90 0.80 2.41 0.10 0.00 
4.00 1.98 0.82 2.39 0.11 0.04 
4.50 2.00 0.82 2.55 0.13 一 一 
5.00 2.07 0.84 2.55 0.13 0.05 
5.50 2.11 0.84 2.62 0.15 0.05 




Experimental Data For Run #28 
Conditions: T二170°C P=60psig IF=2.46SLPM 
Oxidant=air [Ag] =50ppin 
Time/hr BALD/% BALC/% BACI/绘 BACE/% BBEN/% 
0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 
0.25 1.12 0.79 0.53 0.00 0.00 
0.50 1.75 0.95 1.45 0.00 0.00 
0.75 1.94 0.97 1.93 0.07 0.00 
1.00 1.76 0.86 1.84 0.07 0.00 
1.25 1.93 0.92 2.03 0.09 0.00 
1.50 1.91 0.89 2.04 0.10 0.00 
1.75 1.95 0.90 2.17 0.11 0.00 
2.00 2.03 0.90 2.22 0.12 0.00 
2.50 2.12 0.90 2.42 0.14 0.04 
3.00 2.13 0.85 2.50 0.16 0.05 
3 . 50 1. 17 0.79 2 . 67 0. 17 0. 05 
4.00 2.17 0.73 3.10 0.19 0.07 
Table A-II.29 
Experimental Data For Run #29 
Conditions: T=190°C P=95psig IF=2.46SLPM 
Oxidant=air [Ag] =5 0ppin 
Time/hr BALD/% BALC/% BACI/毛 BACE/% BBEN/% 
0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 
0.25 1.59 1.23 1.16 0.05 0.00 
0.50 1,99 1,12 2.88 0.11 0.05 
0.75 2.31 1.17 3.60 0.16 0.06 
1.00 2.31 1.11 3.76 0.18 0.07 
1.25 2.47 1.10 4.28 0.21 0.09 
1.50 2.75 1.17 5.14 0.26 0.11 
1.75 2.43 0.97 4.54 0.24 0.11 
2.00 2.57 0.98 5.08 0.28 0.13 
2 . 5 0 2 . 6 5 0 . 9 7 5 . 8 5 0.32 0.16 
3 . 0 0 2.55 0.94 6 . 2 4 0 . 3 5 0 . 1 9 
3.50 2.42 0.92 6.30 0.36 0.21 
4.00 2.33 0.95 6.96 0.39 0.24 
4.50 2.36 1.04 7.63 0.44 0.29 
5.00 2.31 1.06 7.78 0.45 0.32 
5.50 2.39 1,15 8.47 0.50 0.37 




Experimental Data For Run #3 0 
Conditions: T=150°C P二40psig IF=2.46SLPM 
Oxidant=air 
[Co]=50ppin [Ag]=2 5ppin 
T i m e / h r B A L D / % B A L C / % B A C I / % B A C E / % B B E N / % C o (工工） / p p m 
0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 2 . 0 0 
0.25 0.79 0.81 0.22 0.00 0.00 8.67 
0.50 1.63 1.06 1.49 0.00 0.00 36.00 
0.75 2.10 0.75 4.28 0.08 0.06 54.67 
1.00 1.87 0.76 8.96 0.13 0.11 56. 00 
1 . 2 5 2 . 2 0 1 . 1 1 1 1 . 9 6 一一 - - 4 1 . 1 7 
1.50 2.22 1.34 14.08 0.21 0.16 0.00 
1.75 1.99 1.38 15.02 0.20 -- 0.00 
2.00 1.95 1.41 15.81 0.21 0.16 0.00 
2 . 5 0 2 . 3 9 1 . 6 2 1 9 . 7 9 0 . 2 6 一- 0 . 0 0 
3.00 2.35 1.56 19.43 0.27 0.19 0.00 
3.50 2.34 1.53 19.09 0.28 0.21 0.00 
4.00 2.23 1.47 18.93 0.28 0.20 0.00 
4 . 7 5 2 . 3 3 1 . 5 1 1 9 . 8 3 - - 一- 0 . 0 0 
5 . 5 0 2 . 4 1 1 . 5 1 2 0 . 0 1 一一 0 . 2 5 0 . 0 0 
Table A-II.31 
Experimental Data For Run #31 
Conditions: T=150°C P=40psig IF=2.46SLPM 
Oxidant=air 
[Co]=50ppin [Ag] =50ppm 
T i m e / h r B A L D / % B A L C / % B A C I / 冬 B A C E / % B B E N / % C o ( I I ) / p ^ 
0 . 0 0 0 . 0 0 0.00 0.00 0 . 0 0 0 . 0 0 0 . 0 0 
0.25 0.76 0.69 0.30 0.00 0.00 6.00 
0.50 1.81 1.03 2.07 0.00 0.00 33.33 
0.75 2.14 0.56 5.10 0.08 0.08 34.67 
1.00 2.12 0.68. 9.31 0.16 0.15 13.24 
1.25 2.04 0.9 4 12.82 0.20 0.20 5.20 
1.50 2.00 1.19 15.40 0.22 0.22 4.14 
1.75 2.22 1.46 17.86 0.25 0.23 0.00 
2.00 2.01 1.32 17.86 0.23 0.23 0.00 
2.50 2.12 1.35 18.55 0.26 0.24 0.00 
3.00 2.03 1.25 17.85 0.26 0.24 0.00 
3.50 2.04 1.26 18.03 0.27 0.24 0.00 
4.00 2.13 1.29 18.63 0.29 0.26 0.00 
4.50 2.02 1.21 18.15 0.26 0.24 0. 00 
5.00 2.25 1.32 19.55 0.32 0.30 0.00 
5 . 5 0 2 . 1 7 1 . 2 7 19.09 0.33 0.30 0 . 0 0 




Experimental Data For Run #32 
Conditions: T=150°C P=40psig IF=2.46SLPM 
Oxidant=air 
[Co]=5Oppm [Ag]=10Oppm 
T i m e / h r B A L D / % B A L C / % B A C I / 毛 B A C E / % B B E N / % C o (工工） 
0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 
0. 25 0.60 0.52 0.19 0.00 0.00 2.67 
0.50 1.73 0.97 1.66 0.00 0.00 25.33 
0.75 2.08 0.53 4.52 0.06 0.08 25.33 
1.00 1.94 0.70 9.19 0.12 0.13 36.00 
1 . 2 5 2 . 0 9 1 . 0 3 11.72 一- —— 2 . 5 7 
1.50 2.23 1.35 15.29 0.21 0.19 1.32 
1.75 2.12 1.40 15.60 0.20 0.21 0.00 
2.00 2.17 1.39 17.37 0.29 0.23 0.00 
2.50 2.35 1.44 17.74 0.24 0.23 0.00 
3.00 2.32 1.42 18.27 0.25 0.24 0.00 
3.50 2.28 1.39 17.88 0.26 0.24 0.00 
4.00 2.36 1.42 18.37 0.27 0.25 0.00 
4.50 2.13 1.28 17.03 0.25 0.25 0.00 
5.00 2.42 1.42 18.92 0.29 0.28 0.00 
5.75 2.47 1.40 19.06 0.33 0.30 0.00 
Table A-I1.33 
Experimental Data For Run #3 3 
Conditions: T=200°C P=120psig IF=2.46SLPM 
Oxidant二air 
[Co]=5Oppm [Ag]=10ppm 
T i m e / h r B A L D / % B A L C / % B A C I / 宅 B A C E / % B B E N / % C o ( I I ) /t?^ 
0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 6 7 
0.08 0.88 0.58 0.31 0.00 0.00 0.00 
0.17 1.64 0.58 0.96 0.10 0.08 21.00 
0.33 2.47 0.24 3.20 0.24 0.32 39.00 
0.50 2.20 0.3 3 5.72 0.32 0.53 22.67 
0.75 2.42 0.46 10.77 0.48 0.79 15.33 
1.00 2.39 0.73 14.94 0.57 0.99 8.00 
1.25 2.28 0.95 17.57 0.53 0.84 12.78 
1.50 2.21 1.13 21.65 0.52 0.89 2.54 
1 . 7 5 2 . 4 8 1 . 3 6 3 1 . 6 0 0.58 1.09 8.28 
2.00 2.23 1.20 29.85 0.51 0.89 1.13 
2.50 2.48 1.32 36.67 0.52 0.10 0.00 
3.00 2.38 1.23 40.87 0.45 1.01 0.00 
3 . 5 0 2 . 5 9 1 . 2 6 4 3 . 8 6 0.50 1 . 0 2 21.67 




Experimental Data For Run #34 
Conditions: T=200°C P二120psig IF=2.46SLPM 
Oxidant=air 
[Co]=5 Oppm [Ag]=2 Oppm 
Time/hr ~~BALD/% B A L C / % B A C I / % B A C E / % B B E N / % C o ( I I ) / p ^ 
0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 00 
0.08 0.96 0.47 0.36 0.04 0.00 1.33 
0.25 2.05 0.30 1.86 0.17 0.16 18.67 
0.33 2.24 0.33 3.18 0.24 0.26 35.33 
0.50 2.23 0.36 6.09 0.35 0.46 25.00 
0.75 2.32 0.49 10.31 0.46 0.64 46. 12 
1.00 2.40 0.71 14.82 0.52 0.73 9.78 
1.25 2.65 1.06 23 . 03 —— —— 17.88 
1.50 2.78 1. 28 28.78 —— -- 12.88 
1.75 2.29 1.09 27.00 0.51 0.77 13.46 
2.00 2.03 1.03 28.18 0.45 0.75 23.80 
2.50 1.99 1.02 33.65 0.41 0.67 3.61 
3 . 00 2.18 1.10 38.14 0.45 0.77 0.00 
3.50 2.18 1.05 41.73 0.41 0.78 0.00 
4.00 2.25 1.02 41.76 0.41 0.83 0.00 
Table A-II.35 
Experimental Data For Run #3 5 
Conditions: T=205°C P=130psig IF=2.46SLPM 
Oxidant=air 
[Co]=50ppm [Ag]=50ppm 
T i m e / h r B A L D / % B A L C / % B A C I / 宅 B A C E / % B B E N / % C o a i ) 
0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 
0.08 1. 02 0.60 0.29 0. 00 0. 00 16.87 
0.25 2.07 0.48 2.34 0.20 0.14 50.67 
0.50 2.05 0.53 5.80 0.40 0.35 42.67 
0.75 1.86 0.76 8.55 0.50 0.48 42.00 
1.00 2.08 1.24 14.22 0.63 0.65 16.47 
1.25 2.13 1.57 19.27 0.66 0.74 57.53 
1.50 2.28 1.71 22.99 0.68 0.80 15.00 
2.00 2.41 1.74 31.43 0.69 0.89 0.00 
2.50 2.68 1.72 35.05 0.69 0.98 0.00 
3.00 2.53 1.52 33.29 0.61 0.98 0.00 
3.50 2.53 1.54 35.44 0.61 1.11 40.00 
4.00 2 . 8 6 1 . 73 4 0 . 4 2 0 . 6 5 1 . 2 9 0.00 
4 . 5 0 2 . 9 5 1 . 6 8 39.90 0.66 1 , 4 8 0 . 0 0 
5.00 3 . 0 6 1 . 7 0 43.73 0.66 1 . 5 8 0 . 0 0 
5.50 2.91 1.60 37.95 0.61 1.52 0.00 
6.00 3.03 1.53 41.29 0.62 1.77 38.73 
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Table A-工I.36 
Experimental Data Run #3 6 
Conditions: T=150°C P=40psig IF=2.28SLPM 
Oxidant=air 
Hydrogen peroxide^lSOppm 
Time/hr BALD/% BALC/% BACI/冬 BBEN/% 
0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 
0 . 0 8 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 
0. 17 0.12 0.06 0.00 0.00 
0.25 0.22 0.11 0.00 0.00 
0.33 0.24 0.11 0.00 0.00 
0.50 0.38 0.20 0.07 0.00 
0. 67 0.53 0.29 0.11 0.00 
0.75 0.64 0.36 0.14 0.00 
0.83 0.71 0.37 0.15 0.00 
1. 00 0.71 0.39 0.15 0.00 
1.50 1.25 0.92 0.63 0.00 
2.00 1.40 1.00 0.93 0.00 
2.50 1.63 1.25 1.67 0.00 
3 . 00 1.73 1.38 2 . 14 0. 00 
3.50 1.81 1.40 2.27 0.05 
4.00 1.69 1.30 2.13 0.05 
4.50 1.76 1.32 2.35 0.05 
5.00 1.77 1.27 2.23 0.06 
5.50 1.81 1.32 2.39 0.07 
6.00 1.84 1.33 2.48 0.08 
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Table 
Experimental Data Run #37 
Conditions: T=150°C P=40psig IF=2.46SLPM 
Oxidant=air [Co] =50ppin 
Hydrogen peroxide二150ppm 
T i m e / h r B A L D / % B A L C / % B A C I / % B A C E / % ~ ~ B B E N / % C o ( I I ) / p ^ 
0.00 0.00 0.00 0.00 0.00 0.00 1.00 
0.08 0.08 0.09 0.00 0.00 0.00 1.00 
0.17 0.21 0.15 0.00 0.00 0.00 1.00 
0.25 0.25 0.21 0.00 0.00 0.00 7.00 
0.33 0. 64 0.58 0.14 0. 00 0. 00 10. 33 
0.50 1.18 0.95 0.62 0.00 0.00 17.33 
0.75 2.21 0.77 3.56 0.05 0.00 36.67 
1.00 2.34 0.33 7.30 0.10 0.09 45.55 
1.25 2.21 0.21 9.84 0.15 0.15 51.11 
1.50 2.22 0.38 15.06 0.20 0.23 40.40 
1.75 2.12 0.58 18.89 0.24 0.31 24.18 
2.00 2.04 0.71 21.17 0.25 0.28 23.33 
2.25 2.15 0.84 2 4.51 0.27 0.35 14.22 
2.50 2.14 0.97 27.38 0.29 0.36 10.96 
2.75 2.18 1.02 27.26 0.28 0.35 22 . 22 
3.00 2.14 0.11 30.60 0.29 0.36 36.27 
3.50 2.10 1.13 31.49 0.29 0.31 31.71 
4.00 2.00 1.15 31.58 0.27 0.31 41.14 
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APPENDIX III 
Table A-III Three Trials for Experimental Data Run #11 
Time/hr BALD SD BALC SD BACI SD 
0 . 0 0 0 . 0 0 —— 0 . 0 0 —— 0 . 0 0 一一 
0 . 2 5 0 . 9 3 0 . 0 8 6 1 . 0 4 0 . 0 7 5 0 . 3 1 0 . 0 4 5 
0 . 50 1 . 8 8 0 . 0 7 5 1 . 4 3 0 . 0 1 5 2 . 8 0 0 . 0 5 5 
0 . 7 5 2 . 5 4 0 . 033 0 . 7 5 0 . 0 1 2 5 . 1 8 0 . 4 7 1 
1 . 0 0 2 . 6 2 0 . 0 57 0 . 4 9 0 . 0 1 6 8 . 2 9 0 . 7 4 4 
1 . 2 5 2 . 8 7 0 . 0 1 6 0 . 6 5 0 . 0 5 9 1 4 . 4 2 0 . 6 7 7 
1 . 5 0 2 . 6 8 0 . 033 0 . 8 2 0 . 0 5 7 2 0 . 4 1 0 . 3 7 5 
1 . 7 5 2 . 6 6 0 . 0 7 5 1 . 0 6 0 . 0 7 0 2 3 . 2 2 1 . 2 2 7 
2 . 0 0 2 . 5 7 0 . 0 5 7 1 . 1 6 0 . 0 5 3 2 3 . 3 9 1 . 1 8 3 
2 . 2 5 2 . 6 4 0 . 0 6 2 1 . 1 7 0 . 0 2 9 2 4 . 1 0 0 . 4 0 7 
2 . 5 0 2 . 5 4 0 . 0 6 2 1 . 1 8 0 . 0 3 1 2 3 . 8 0 0 . 5 1 6 
2 .75 2 . 5 7 0 . 0 9 9 1 . 1 8 0 . 0 2 5 2 5 . 4 3 0 . 3 8 1 
3 . 0 0 2 . 8 0 0 . 1 3 0 1 . 2 6 0 . 0 2 5 2 6 . 5 6 1 . 3 6 7 
BALD 一 mean concentration of benzaldehyde (w/w%) 
BALC 一 mean concentration of benzyl alcohol (w/w%) 
BACI — laean concentration of benzoic acid (w/w%、 





Calibration for Benzaldehyde 
Real w/w% Mean Integrated Area务 Standard Deviation 
0.24 0.89 0.010 
0.48 1.82 0.014 
0.96 3.55 0.049 
1.20 4.50 0.059 
1.68 6.07 0.042 
2.16 8.03 0.035 
2.40 9.22 0.090 
2.88 10.86 0.047 
3 . 3 6 1 2 . 7 8 0 . 0 1 8 
3.84 14.30 0.060 
4.33 15.88 0.140 
Table A-IV.2 
Calibration for Benzyl Alcohol 
Real w/w% Mean Integrated Area考 Standard Deviation 
0 . 2 4 0 . 8 7 0 . 0 0 8 
0 . 4 8 1 . 6 8 0 . 0 2 4 
0 . 7 2 2 . 5 0 0 . 0 3 6 
0 . 9 6 3 . 3 3 0 . 0 4 5 
1 . 2 1 4 . 2 9 0 . 0 4 4 
1 . 4 4 . 5 . 1 9 0 . 0 5 2 
1 . 6 8 5 . 9 6 0 . 0 5 7 
1 . 9 2 6 . 6 7 0 . 0 5 2 
2 . 1 6 7 . 7 1 0 . 0 7 9 




Calibration for Benzoic Acid 
Real w/w% Mean Integrated Area毛 Standard Deviation 
0.12 0.25 0.006 
0.52 1.05 0.006 
1.16 2.24 0.048 
2.30 4.57 0 . 0 6 6 
3.53 7.04 0.017 
4.62 9.56 0.049 
5 . 8 0 1 2 . 0 7 0 . 0 7 6 
6.94 14.30 0.042 
8.12 16.26 0.057 
9.23 18.30 0.020 
Table A-IV,4 
Calibration for Benzyl Acetate 
Real w/w% Mean Integrated Area冬 Standard Deviation 
0 . 1 2 0 . 4 0 0 . 0 0 9 
0 . 2 4 0 . 8 1 0 . 0 0 6 
0 . 4 9 1 . 6 2 0 . 0 1 2 
0 . 6 1 2 . 0 4 0 . 0 2 4 
0 . 73 2 . 3 9 0 . 0 3 2 
0 , 9 7 3 . 1 8 0 . 0 4 8 




Calibration for Benzyl Benzoate 
Real w/w% Mean Integrated Area毛 Standard Deviation 
0 . 1 3 0 . 4 4 0 . 0 0 4 
0 . 2 6 0 . 8 5 0 . 0 1 6 
0.52 1.66 0.021 
0 . 6 5 2 . 1 2 0 . 0 3 1 
0 . 7 8 2 . 5 5 0 . 0 4 0 
1 . 03 3 . 4 6 0 . 0 5 3 
1 . 2 9 4 . 2 7 0 . 0 6 4 
Table A-IV.6 
Calibration of Cobalt (II) 
[Co(工工）]/ppm Mean Absorbance Standard Deviation 
10 0 . 0 1 5 0 . 0 0 1 
20 0 . 0 2 9 0 . 0 0 1 
30 0 . 0 4 6 0 . 0 0 1 
40 0 . 0 6 0 0 . 0 0 2 
50 0 . 0 7 8 0 . 0 0 2 
60 0 . 0 9 1 0 . 0 0 2 
70 0 . 1 0 7 0 . 0 0 3 
80 0 . 1 2 3 0 . 0 0 3 
90 0 . 1 3 7 0 . 0 0 4 
100 0 . 1 53 0 . 0 0 4 
150 0 . 2 2 9 0 . 0 0 5 
200 0 . 3 1 1 0 . 0 0 5 
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